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ABSTRACT 


The  report  documents  work  carried  out  over  the  period  31  July  1996  to  31  December 
1997  on  a  Multi-University  Research  Initiative  (MURI)  program  under  Office  of  Naval 
Research  (ONR)  sponsorship.  The  program  couples  transducer  materials  research  in  the 
Materials  Research  Laboratory  (MRL),  design  and  testing  studies  in  the  Applied  Research 
Laboratory  (ARL)  and  vibration  and  flow  noise  control  in  the  Center  for  Acoustics  and 
Vibration  (CAV)  at  Penn  State. 

The  overarching  project  objective  is  the  development  of  acoustic  transduction 
materials  and  devices  of  direct  relevance  to  Navy  needs  and  with  application  in  commercial 
products.  The  initial  focus  of  studies  is  upon  high  performance  sensors  and  high  authority 
high  strain  actuators.  This  objective  also  carries  the  need  for  new  materials,  new  device 
designs,  improved  drive  and  control  strategies  and  a  continuing  emphasis  upon  reliability 
under  a  wide  range  of  operating  conditions. 

In  Material  Studies,  undoubtedly  major  breakthroughs  have  occurred  in  the  ultra- 
high  strain  relaxor  ferroelectric  systems.  Earlier  reports  of  unusual  piezoelectric  activity  in 
single  crystal  perovskite  relaxors  have  been  amply  confirmed  in  the  lead  zinc  niobate  :  lead 
titanate,  and  lead  magnesium  niobate  :  lead  titanate  systems  for  compositions  of 
rhombohedral  symmetry  close  to  the  Morphotropic  Phase  Boundary  (MPB)  in  these  solid 
solutions.  Analysis  of  the  unique  properties  of  001  field  poled  rhombohedral  ferroelectric 
crystals  suggests  new  intrinsic  mechanisms  for  high  strain  and  carries  the  first  hints  of  how  to 
move  from  lead  based  compositions.  A  major  discovery  of  comparable  importance  is  a  new 
mode  of  processing  to  convert  PVDF:TrFE  copolymer  piezoelectric  into  a  relaxor 
ferroelectric  in  which  electrostrictive  strains  of  4%  have  been  demonstrated  at  high  fields. 
Both  single  crystal  and  polymer  relaxors  appear  to  offer  energy  densities  almost  order  of 
magnitude  larger  than  in  earlier  poly  crystal  ceramic  actuators. 

Transducer  Studies  have  continued  to  exploit  the  excellent  sensitivity  and  remarkable 
versatility  of  the  cymbal  type  flextensional  element.  Initial  studies  of  a  small  cymbal  arrays 
show  excellent  promise  in  both  send  and  receive  modes,  and  larger  arrays  are  now  under 
construction  for  tests  at  ARL.  New  studies  in  constrained  layer  vibration  damping  and  in  flow 
noise  reduction  are  yielding  exciting  new  results. 

In  Actuator  Studies,  an  important  advance  in  piezoelectric  generated  noise  control 
now  permits  wider  use  of  acoustic  emission  as  a  reliability  diagnostic  technique.  Joint  studies 
with  NRL,  Washington  have  developed  a  completely  new  d15  driven  torsional  actuator  and  the 
CAV  program  element  has  designed  an  exciting  high  strain  high  force  inchworm. 

Finite  element  analysis  continues  to  be  an  important  tool  for  understanding  the  more 
complex  composite  structures  and  their  beam  forming  capability  in  water.  Thin  and  Thick 
Thin  Film  Studies  are  gearing  up  to  provide  the  material  base  for  micro-tonpilz  arrays.  New 
exploitation  of  ultra  sensitive  strain  and  permittivity  measurements  is  providing  the  first 
reliable  data  of  electrostriction  in  simple  solids,  and  suggesting  new  modes  for  separating  the 
polarizability  contributors  in  dielectrics  and  electrostrictors. 
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Pb(ZrJi)03-Pb(Y2/3W1/3)03  Ceramics 
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Dielectric  and  piezoelectric  properties  of  0.02Pb(  Y2/3YVl/3)03* 
0.98Pb{Zr„^2Ti04>t)O3  ceramics  doped  with  additives  <Nb:05, 

La  A*  MnO,,  and  Fe  A)  were  investigated.  The  grain  sizes 
of  these  ceramics  decreased  with  increasing  amounts  of 
additives.  For  additions  of  MnO:  and  Fe.O,,  dielectric 
losses  decreased,  while  for  Nb205  and  La,0„  these  values 
increased.  The  maximum  values  of  the  mechanical  quality 
factor  Qm  were  found  to  be  956  and  975  for  additions  of  0.9 
wt%  FeA  and  0.7  wt%  MnO,,  respectively,  but  donor 
dopants  ( Nb  A  and  La  A>  did  not  change  the  values  of  Qm. 
On  the  other  hand,  the  piezoelectric  constant  d,.,  and  the 
electromechanical  coupling  factor  kp  decreased  with  addi¬ 
tions  of  MnO;  and  FeA*  but  improved  with  additions  of 

NbA  and  La  A* 

I.  Introduction 

Pb(Zr,Ti)03-based  solid  solution  systems  have  been  investi¬ 
gated  by  the  addition  of  various  additives  or  by  incorporation 
with  other  AB03-type  perovskites  for  improving  sinterability, 
dielectric,  and  piezoelectric  properties.  After  the  report  of  supe¬ 
rior  properties  at  the  phase  boundary  in  PZT  by  iaffe  et  a l .. 
many  researchers  have  tried  to  improve  the  properties  ot  these 
materials  using  various  techniques.-' 

The  effect  of  dopants  is  a  complex  matter,  but  a  number  ot 
important  generalizations  have  been  made  regarding  aliova lent 
substituents  in  perovskites.  Donor  dopants  (e.g.,  La‘ V  Nb  \ 
and  Sb5*),  those  of  higher  charge  than  that  of  the  ions  they 
replace,  are  compensated  by  cation  vacancies,  whereas  acceptor 
dopants  (Fe3+,  (VV  and  Mn3+),  ions  of  lower  charge  than  that 
of  replaced  ions,  are  compensated  by  oxygen  vacancies.  Cat¬ 
ions  and  cation  vacancies  tend  to  be  separated  by  oxygen  ions 
so  that  there  is  a  considerable  energy  barrier  to  be  overcome 
before  the  ion  and  its  vacancy  can  be  interchanged.  Oxygen, 
however,  forms  a  continuous  lattice  structure  so  that  oxygen 
vacancies  have  oxygen  ion  neighbors  with  which  they  can  eas¬ 
ily  exchange.  Typical  concentrations  of  dopants  (0.05-5  at.%) 
must  result  in  the  formation  of  dipolar  pairs  between  an  appre¬ 
ciable  fraction  of  the  dopants  and  associated  vacancies:  e.g., 
2La3+:[D  ]  =  2[V”m]  or  2Fe3*:[A']  =  2[Vq].  Donor  doping  in 
PZT  could  be  expected  to  reduce  the  concentration  of  oxygen 
vacancies,  especially  rare-earth  substituents  such  as  La  ,  Nd  , 
etc.,  leading  to  a  reduction  in  the  concentration  of  domain- 
stabilizing  defect  pairs.  The  resulting  increase  in  wall  mobility 
causes  an  observed  increase  in  dielectric  constant  and  loss, 
piezoelectric  coefficients  and  coupling  tactors.  and  reduction  in 
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mechanical  quality  factor  Qm  and  coercive  field.  The  introduc¬ 
tion  of  oxvgen  vacancies  through  acceptor  doping  increases 
the  Qm* 

NbA  and  the  WO, -doped  PZT  system  or  the  PMN-PZT 
system  are  not  adequate  for  applications  such  as  various  kinds 
of  transducers  or  actuators  because  of  the  low  values  of  Qm.5 
The  desirable  features  in  these  applications  are  low  mechanical 
loss  and  high  piezoelectric  properties  (d  and  k).  In  the  case  of 
low  Qmi  heat  generation  during  operation  is  the  main  reason  for 
degradation  of  piezoelectricity,  while  high  d  is  required  for 
large  mechanical  displacement  under  a  certain  electric  input. 

In  previous  work.67  a  ternary  solid  solution  system  consist¬ 
ing  of  Pb(Zr05-Ti0  4RA  (PZT)  and  a  complex  perovskite-type 
compound  Pb(Y,/3WJ/3)03  (PYW)  was  developed.  Although  the 
solubility  of  Pb(Y,/3W„3)03  in  Pb(Zrfl52Ti048)O,  was  as  low 
as  2  mol%  of  PYW,  superior  piezoelectric  properties  were 
observed  in  the  0.02PYW-0.98PZT  composition:  values  of 
d„  and  kv  were  365  X  10"‘2  C/N  and  54%,  respectively.  The 
present  paper  has  investigated  the  effect  ot  various  additives 
on  the  dielectric  and  piezoelectric  properties  in  0.02PYW- 
0.98PZT  ceramics. 

II.  Experimental  Procedure 

Reagent-grade  PbO.  Zr02,  Ti02,  Y20,,  WO,.  La 203,  NbA* 
FeA,  and  Mn02  were  used  as  starting  materials.  Mixtures  of 
the  desired  composition  were  ball-milled  with  zirconia  balls  as 
grinding  media  and  deionized  water  as  a  lubricant  for  12  h. 
After  mixing  and  milling,  the  powders  were  dried  for  12  h. 
which  were  later  crushed  and  then  calcined  at  850°C  for  1  h. 
Following  dispersion  of  a  binder  5  wt%  poly(vinyl  alcohol) 
(PVA)  to  aid  the  pressing  process,  the  resulting  powders  were 
cold  pressed  into  cylindrical  form  at  a  pressure  of  1000  kg/enr. 
The  pressed  pellets  were  covered  with  powders  of  the  same 
composition,  placed  in  a  double-alumina  crucible  arrangement, 
and  sintered  at  1200°C  for  1  h.  The  sintered  pellets  were  ground 
to  a  thickness  of  1  mm,  electroded  using  silver  paste,  and  heat- 
treated  at  600°C  for  10  min.  The  electroded  samples  were  poled 
at  120°C  at  35  kV/cm  for  30  min  in  silicone  oil.  After  24  h  of 
aging  at  room  temperature,  dielectric  and  piezoelectric  proper¬ 
ties  were  measured  using  a  HP  impedance/gain-phase  analyzer. 
The  piezoelectric  properties  were  determined  by  the  resonance 
methods/ 

III.  Results  and  Discussion 

Selected  SEM  photographs  of  compositions  are  shown  in 
Fig.  1.  The  grain  size  in  the  0.02PYW-0.98PZT  sample  fired 
at  1200°C  for  l  h  was  about  8  »xm.  but  grain  size  remarkably 
decreased  with  increasing  additive  additions.  The  addition  of 
NbA  t0  the  PZT  solid  solution  inhibited  grain  growth.  This 
limited  grain  growth  is  probably  due  to  the  solid  solution  impu¬ 
rity  drag  mechanism/  Okazaki  and  Nagata10  have  reported  that 
dielectric  and  piezoelectric-related  properties  increase  with 
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Fig.  1.  SEM  phoioeraphs  of  0.02PbtY.  AV,.,iO,-0.98Pb(Zr„.Ti, .,■>(),  containing  Fe  O,  and  Nb  O.  sintered  at  1200°C  for  I  h:  (a)  none,  (b)  0.5 
wt<£  Fe;O,.(c)0.9  wV/c  Fe;O,.(d)0.l  \vtr/f  Nb:0..  (e> 0.5  wtr*  Nb:0,.  if » 0 9  wt<7,  Nb:0. 


increasing  grain  size.  In  their  model,  as  grain  size  decreases, 
the  grain  boundary  phases,  which  are  directly  related  to  the 
volume  of  space  charge  regions,  get  larger  and  finally  result  in 
lowering  the  dielectric  constant.  In  a  review'  of  grain  size  effects 
on  dielectric  and  piezoelectric  properties  in  the  PZT  system, 
there  are  insufficient  works  from  which  to  draw’  conclusions 
However,  the  piezoelectric  and  related  properties  have  been 
consistently  reported  to  decrease  with  decreased  orain  size  It  is 


believed  that  the  observed  piezoelectric  behavior  is  due  to  a 
“clamping”  of  domain  walls. 

Lattice  parameters  and  tetragonal  distortion  for  Fe-doped 
0.02PYW-0  98PZT  ceramics  arc  plotted  in  Fig.  2.  The  lattice 
distortion  along  the  tetragonal  r-axis  was  more  strongly  renor¬ 
malized  by  the  decreasing  grain  size  than  was  the  distortion 
along  the  a-a\is.  The  tetragonal  distortion  c/a  was  also  found  to 
decrease  with  decreasing  grain  size,  resultine  in  a  decrease  of 
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Fie-  2.  l  nit  cell  distortion  at  room  temperature  tor  Fe-doped 
(U)2PYW-0.9KPZT  ceramics. 

the  averaged  unit  cell  volume  similiar  to  the  decrease  observed 
in  BaTiO,  ceramics.11 

Fiiiure  3  shows  the  polarization  vs  held  hysteresis  loops  lor 
Fe-doped  0.02PYW-0.98PZT  ceramics.  The  Fe-doped  samples 
exhibited  a  type  of  "pinched**  or  "propeller-shaped"  curve.  The 
Mn-doped  samples  also  had  similar  shapes.  This  behavior  was 
more  like  conventionally  sintered  samples  and  was  tound  to  be 
stronger  in  tetragonal  compositions  than  in  the  rhombohedral 
ones. 

The  Nb-doped  ceramics  exhibited  typical  square  P-h  hyster¬ 
esis  loops  shown  in  Fig.  4.  The  remanent  polarization  iPt) 
was  found  to  have  a  minimum  value  at  about  0.3  wtVr  Nb:0< 
additives,  but  the  P%  values  increased  with  additional  Nb:0< 
dopiniz.  The  decrease  ot  P,  is  believed  to  be  due  to  the  clamping 
of  domains  exhibited  by  neighboring  grain  and  gram  bound¬ 
aries  and  also  due  to  relatively  free  domain  reversal  processes 
just  after  the  removal  of  field.* J  The  maximum  value  ot  P r  was 
obtained  at  0.9  wtV;  Nb:0<  and  the  value  was  about  35  p.C/cm\ 

Acceptor  dopants  ( Fe 4  ‘ .  Mn  *  * .  etc. )  create  oxygen  vacancies 
for  ionic  charge  compensation  and  tend  to  pm  the  domain  wall, 
which  is  evident  by  an  increase  in  the  internal  bias  held.  Like 
acceptor-doped  PZT  ceramics,  undoped  PZT  ceramics  are  also 
known  to  have  oxygen  vacancies  due  to  superoxidation,  which 
is  the  result  of  excess  Pb-site  vacancies  due  to  the  PbO  volatility 
over  oxygen  vacancies.1 1  resulting  in  an  increase  of  the  internal 
bias  tield  and  thus  the  stabilization  of  domain  structure.  Hvster- 
esis  measurements  indicate  that  donor  dopants  (La*  .  Mb'  ) 
increase  the  domain  wall  mobility  and  create  very  small  internal 
bias  fields.  Takahashi’-  has  studied  space-charge  effects  in  PZT 


ceramics  with  impurities.  Experimental  results  show  that  the 
space-charge  held  (internal  bias  held)  increases  in  undoped  and 
acceptor-doped  PZT  ceramics  in  comparison  with  donor-doped 
PZT  ceramics.  In  the  tetragonal  compositions,  it  appears  that 
domain  wall  pinning,  which  is  caused  by  a  structural  factor 
(tetragonality).  was  coupled  with  the  defect  dipoles,  resulting 
in  a  relatively  strong  pinched  hysteresis  loop.  This  kind  of 
pinched  loop  was  found  to  diminish  under  severe  electrical 
excitation  or  after  a  heat  treatment  above  the  Curie  temperature 
i  T ,)  with  slow  cooling  in  an  oxygen  atmosphere. 

Dielectric  constants  of  various  compositions  are  shown  in 
Fig.  5.  Donor-doped  (Nb:0«  and  La:0,)  PYW-PZT  has  higher 
dielectric  constants  than  the  acceptor-doped  (MnO:.  Fe:OJ 
compositions.  For  substitutions  of  a  lower  valence  for  Pb“*  or 
for  (Ti.Zr)4\  the  unit  cell  actually  shrank14  because  of  the 
creation  of  oxygen  vacancies.  The  shrinking  and  distortion  of 
the  cells  are  thought  to  contribute  to  an  increase  in  Qm ,  the 
coercive  held.  E ...  but  a  slightly  lowered  dielectric  constant. 
This  behavior  is  believed  to  be  due  to  the  difficulty  of  the 
domain  reversal  process  (clamping)  and/or  to  the  reduced  num¬ 
ber  of  twinned  domains.  With  decreasing  grain  size,  the 
twinned  domains  were  assumed  to  be  greatly  clamped  by  neigh¬ 
boring  grains  and  boundaries  under  the  electric  held,  resulting 
in  an  increase  of  an  internal  bias  held  (£.).  i.e..  coercive  held 

Figure  b  shows  the  dielectric  loss  change  w  ith  various  addi¬ 
tives  for  ().02PYW*().98PZT  ceramics.  The  acceptor  dopants 
( MnCL  and  Fe.O, )  reduce  dielectric  losses,  w  hile  donor  dopants 
(Nb:0«  and  La,0,)  increase  dielectric  losses.  All  dopant  ions 
that  reduce  the  losses  are  characterized  by  a  lower  valence  state 
than  that  of  the  substituted  host  lattice  ions  (e.g.,  Mn*’.  Fe*"  at 
(Zr.TiV”  site).  Consequently,  they  possess  acceptor  characteris¬ 
tics.  with  the  charge  deficiency  being  compensated  by  vacan¬ 
cies  in  the  oxygen  lattice.  The  acceptor-dopant  ions  pin  the 
domain  wall  and  thus  reduce  the  loss  ol  domain  wall  motion. 
Conversely,  donor  dopants  increase  the  mobility  of  the  domain 
wall  motion,  and  thus  reorientation  of  the  twinned  domain 
walls  actively  occurs.  It  is  interesting  that  the  dielectric  loss  is 
lowered  at  I  kHz.  even  though  the  conductivity  is  significantly 
higher,  again  pointing  out  the  predominance  of  domain  wall 
mobility  in  causing  dielectric  losses  at  ordinary  temperatures 
and  frequencies.  As  shown  in  Fig.  I.  the  grain  size  decreased 
with  increasing  amounts  of  additives.  The  increase  in  dielectric 
losses  with  decreasing  grain  size  that  is  observed  in  [slb-doped 
ceramics  is  probably  due  to  the  accumulation  ot  space  charge  at 
the  grain  boundary  phases,  similar  to  that  found  in  BaTiO, 
ceramics.1’ 

It  is  well  known  that  additions  of  MnO,  and  Fe.O,  acting  as 
acceptor  ions  improve  the  value  of  (?.»•  whereas  La,Q,  and 


Fie.  3.  P-E  hysteresis  loop  change  in  Fe-doped  0.02Pb(Y:,W1,OOc0.98Pb(ZrM.,:Ti„4,<)0,  ceramics. 
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Fig.  4.  P-E  hysteresis  loop  chance  in  Nb-dopcd  0  02PN  V;  AV,  ,  )0.  0  9KPb!7r...:Ti(1  j.  >0 .  ceramics 


Fig.  5.  Dielectric  constant  chance  in  doped-0  02Pb(Y:,Wr,l- 
0,*().98Pb(ZrM,;Ti,(4„  )0,  ceramics. 


Fig.  6.  Dielectric  loss  chance  in  doped -0  02  Pb(Y:  ,W1„)O,  0.98Pb 
(Zrn,2Ti,l4M)0,  ceramics. 


Nb.O,  acting  as  donor  ions  to  ferroelectric  materials  with  per- 
ovskite  structure  enhance  the  values  of  d„  and  kr  while  degrad¬ 
ing  Qm%  as  shown  in  Figs.  7.  8.  and  9.  The  values  of  d^  and 
kv  exhibit  maximum  values  of  428  X  10' 12  C/N  and  60 9c, 
respectively,  at  0.1  wt%  La?0,.  and  then  decrease  gradually 
with  the  above  additions.  The  lareest  values  of  dn  and  kv  (</n  = 


418  x  10  C/N  and  ky  =  6 1 9r  >  were  observed  at  0.1  wtf/r 
Nb-O, .  On  the  other  hand,  as  the  amount  of  MnO,  increases 
from  0  1  to  0  7  .  the  values  of  Qm  increase  remarkably  from 

72  to  975.  In  addition,  the  values  of  </,,  and  kr  are  310  X  10 
C/N  and  5 1C.  respectively,  tor  0.5  wtr/r  MnO:  additives.  For 
Fe.O,  addition,  the  maximum  values  of  </,,  and  kv  (</,,  =  289  X 
l()_,:  C/N.  ki  =  49C  i  were  observed  at  0.9  wtf/r.  Moreover,  the 
maximum  value  ot  Qtv  ((?.>.  =  956)  in  Fe.O,  additions  was 
observed  at  an  addition  of  0.9  wtr/r.  As  mentioned  above,  donor 
doping  in  PZT  is  expected  to  reduce  the  concentration  of  oxy¬ 
gen  vacancies,  especially  rare-earth  substituents  such  as 
La4*.  Nd'\  etc.,  leading  to  reduction  in  the  concentration  ot 
domain-stabilizing  detect  pairs  and  thus  to  lower  aging  rates. 
The  resulting  increase  in  wall  mobility  causes  an  observable 
increase  in  dielectric  constant  and  loss,  elastic  compliance, 
piezoelectric  coefficients,  and  coupling  factors,  and  a  reduction 
in  Q„ ,  and  E  .  The  introduction  of  oxygen  vacancies  through 
acceptor  doping  leads  to  a  slight  reduction  in  unit  cell  size, 
which  tends  to  reinforce  these  effects. 

IV.  Conclusion 

The  dielectric  and  piezoelectric  properties  of  additive-doped 
0  02Pb(  Y:  AV1.,i0.-0.98Pb(Zr,,oTill«)0,  ceramics  were  inves¬ 
tigated.  Doping  of  MnO:  and  Fe:0,  in  0.02PYW-0.98PZT 
ceramics  decreased  the  dielectric  loss,  dielectric  constant,  and 
piezoelectric  properties,  but  enhanced  the  mechanical  quality 
factor.  The  maximum  ()„,  values  of  MnO:  and  Fe:0,  additions 
were  975  and  956.  respectively.  In  contrast,  the  additions  of 


Fig.  7.  Piezoelectric  constant  change  in  doped-0.02Pb(Y:„Wl,,)- 
0  ,  0  98PbfZr„ „  )0,  ceramics 
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Fig.  8.  Mechanical  quality  factor  change  in  doped-0.02Pb- 
[  YyjW,  „  )Oc  0.98Pb(Zrf1  „Ti0  « )0,  ceramics. 


La:0,  and  Nb:0,  increased  the  piezoelectric  properties.  The 
maximum  values  of  dxy  and  kv  were  428  X  10  C/N  and  60% 
lor  the  addition  of  0.1  wt%  La,0,.  and  tor  the  addition  ot 
0.1  wt%  Nh:0,  the  largest  values  were  418  X  10  C/N  and 
61%.  respectively. 
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ABSTRACT 

Properties  of  piezoelectric  ceramics  important  for  actuator  applications  have  been  measured  as  a  function  of  grain  size.  Fine 
grain  piezoelectrics  (<  1  pm)  have  been  found  to  exhibit  improved  machinability  and  increased  mechanical  strength  over 
conventional  materials.  Actuators  made  from  tine  grain  ceramic  are,  therefore,  expected  to  have  improved  reliability,  higher 
driving  fields,  and  lower  driving  voltages  (from  thinner  layers  in  stacked  or  co-fired  actuators)  over  devices  fabricated  from 
conventional  materials.  TRS  Ceramics  in  collaboration  with  the  Pennsylvania  State  University’s  Materials  Research 
Laboratory,  has  developed  fine  grain  piezoelectric  ceramics  with  minimal  or  no  reduction  in  piezoactivity.  New  chemical 
doping  strategies  designed  to  compensate  ferroelectric  domain  clamping  effects  from  grain  boundaries  have  been  successful  in 
yielding  submicron  grain  sized  ceramics  with  both  low  and  high  field  properties  equivalent  to  conventional  materials.  In  the 
case  of  Type  II  ceramics,  reduced  grain  size  results  in  a  very  stable  domain  state  with  respect  to  both  electric  field  and 
compressive  prestress.  Work  is  in  progress  to  develop  both  epoxy  bonded  stack  and  co-fired  actuators  from  fine  grain 
piezoelectrics. 

Keywords:  fine  grain  piezoelectrics,  actuators,  prestress,  mechanical  strength,  grain  size 


1.  INTRODUCTION 

For  ceramic  materials  used  in  mechanical  load  bearing  applications,  many  benefits  result  from  grain  sizes  that  are  less 
than  1  pm.  For  example  mechanical  strength  and  resistance  to  fatigue  under  cyclic  loading  are  both  known  to  increase  with 
decreasing  grain  size*.  In  the  case  of  piezoelectric  ceramic  actuators,  poor  mechanical  strength  and  fatigue  characteristics  of 
conventional  materials  has  lead  to  short  service  lifetimes  limiting  the  widespread  use  of  these  devices.  However,  reducing  the 
average  grain  size  of  piezoelectric  ceramics  is  complicated  by  the  fact  that  severe  degradation  of  piezoelectric  properties  is 
observed  in  ceramics  with  grain  sizes  <  1  pm  (see  figure  l)2.  Cryogenic  property  measurements  and  transmission  electron 
microscopy  studies  (TEM)  have  shown  that  grain  size  affects  the  extrinsic  contributions  to  piezoelectricity  (/.£.,  ferroelectric 
domain  wall  motion)3.  Once  extrinsic  effects  arc  “frozen  out”,  no  grain  size  dependence  is  observed  for  the  remaining 
intrinsic  piezoelectricity  (a  crystallographic  property).  Extrinsic  piezoelectricity  in  ceramics  such  as  Pb(Zr,Ti)03  (PZT)  is 
highly  dependent  on  chemical  composition,  particularly  the  types  and  amounts  of  modifying  dopants.  At  TRS  Ceramics,  we 
have  developed  new  PZT  compositions  in  which  the  normal  degradation  in  piezoelectricity  with  grain  size  has  been 
compensated.  Processes  have  also  been  developed  to  produce  fine  grain  PZT’s  with  conventional  mixed  oxide  methods  and 
normal  sintering  conditions  at  atmospheric  pressure.  The  fine  grained  ceramics  can  thus  be  produced  at  about  the  same  cost 
as  conventional  materials. 

In  this  paper  we  will  present  comparisons  of  property  measurements  for  conventional  and  fine  grain  PZT’s  commonly 
used  in  actuator  applications.  The  materials  studied  were  TRS200  (a  PZT-5A  or  DOD  Type  II  equivalent  material)  and 
TRS600  (a  PZT-5H  or  DOD  Type  VI  equivalent  material)  and  their  fine  grain  counterparts.  Figures  2  trough  5  are 
micrographs  showing  the  grain  sizes  of  the  materials  studied.  Initial  investigations  of  these  materials  have  focused  on 
properties  useful  for  transducer  applications  such  as  bio-medical  ultrasound  probes,  but  it  will  be  shown  that  fine  grain 
ceramics  also  have  high  field  properties  similar  or  equivalent  to  conventional  materials.  Thus,  fine  grain  PZT’s  show  great 
promise  for  a  new  generation  of  high  reliability  piezoelectric  actuators.  Specific  measurements  that  will  be  discussed  include 
low  field  properties  measured  by  IEEE  standard  techniques4,  mechanical  strength,  machinability,  strain  vs.  electric  field,  and 
strain  and  polarization  vs.  electric  field  and  compressive  prestress. 
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Figure  2:  Micrograph  for  TRS200  (Type  II  PZT).  Scale  Figure  4:  Micrograph  for  TRS600  (Type  VI  PZT).  Scale 

bar  =  5  pm  and  grain  size  -  5  pm.  bar  =  10  pm  and  grain  size  -  5  pm. 


Figure  3:  Micrograph  for  TRS200FG  (fine  grain  Type  Figure  5;  Micrograph  for  TRS600FG  (fine  grain  Type 

II).  Scale  bar  =  5  pm  and  grain  size  -  0.8  pm.  VI).  Scale  bar  »  10  pm  and  grain  size  -  0.9  pm. 


2.  LOW  FIELD  PROPERTIES  OF  FINE  GRAIN  PZT’S 

Piezoelectric  and  dielectric  properties  of  conventional  and  fine  grain  PZT’s  are  shown  in  tables  I  and  II.  The  properties 
were  measured  using  a  combination  of  impedance  spectroscopy  and  pulse-echo  ultrasonics  for  elastic  coefficients.  For  Type  II 
ceramic,  chemical  compensation  of  the  grain  size  effect  resulted  in  higher  low  field  properties  for  fine  grain  material  compared 
to  conventional  ceramic.  Both  course  and  fine  grain  Type  II  ceramics  have  about  the  same  elastic  properties,  indicating  that 
the  mechanical  performance  of  actuators  made  from  fine  grain  ceramic  will  not  be  significantly  different  from  conventional 
material.  For  the  Type  VI  ceramic  the  situation  was  reversed  with  the  properties  of  fine  grain  ceramic  being  somewhat  lower 
than  those  of  conventional  coarse  grained  material.  This  indicates  that  more  compensation  of  grain  size  effects  may  be 
necessary;  however,  as  will  be  explained  later,  high  field  behavior  of  fine  grain  Type  VI  ceramic  indicates  that  there  may  be 
fundamental  differences  in  the  domain-grain  size  interactions  for  fine  grain  Type  II  and  VI  ceramic.  Ultrasonic  transducer 
arrays  have  been  constructed  from  the  fine  grain  Type  II  material.  These  include  high  frequency  transducers  (10  MHz  single 
element  1-3  composite  and  66  MHz  single  plate  transducer)  in  which  the  fine  grain  ceramic  demonstrated  performance 
equivalent  to  or  better  than  the  conventional  materials. 


Table  I:  Properties  of  Type  II  Conventional  and  Fine 
Grain  Ceramics  Determined  from  Impedance  and  Pulse- 
Echo  Ultrasonic  Measurements _ 


Property 

TRS200 

TRS200FG 

K  @  1  kHz 

1650 

1900 

Loss 

0.015 

0.015 

d^3  (pC/N) 

350 

400 

d^i  (pC/N) 

-170 

-190 

k33 

0.69 

0.73 

k31 

0.34 

0.39 

kn 

0.57 

0.60 

kt 

0.51 

0.47 

I/S33  (GPa) 

56 

56 

l/sii  (GPa) 

61 

68 

Tc  (°C) 

360 

325 

Table  II;  Properties  of  Type  VI  Conventional  and  Fine 
Grain  Ceramics _ 


Property 

TRS600 

TRS600FG 

K  @  1  kHz 

3725 

3700 

Loss 

0.02 

0.02 

d33  (pC/N) 

720 

650 

kp 

0.67 

0.61 

Tc(°C) 

190 

190 

3.  MECHANICAL  STRENGTH  AND  MACHINING  BEHAVIOR 

The  mechanical  strength  of  fine  grain  ceramic  was  evaluated  using  4-point  bend  tests.  Bars  45  mm  x  4  mm  x  3  mm 
were  prepared  from  both  fine  grain  and  conventional  Type  II  ceramic  and  tested  according  to  ASTM  standard  procedures  .  The 
PZT  bars  were  unpoled.  A  Weibull  distribution  of  the  results  is  shown  in  figure  6.  Average  strengths  were  70  MPa  and  85 
MPa  for  TRS200  and  200FG,  respectively.  The  fine  grain  material  exhibited  a  20%  higher  bending  strength  than  the 
conventional  ceramic.  Upon  poling  the  mechanical  strength  of  PZT  increases  to  >  110  MPa  perpendicular  to  the  poling 
direction6.  Thus,  the  strength  of  poled  fine  grain  ceramic  is  expected  to  be  >  1 30  MPa.  The  distribution  of  strength  data  was 
also  much  narrower  for  the  fine  grain  ceramic  (Weibull  modulus  of  21  compared  to  14  for  conventional  material)  indicating  a 
more  uniform  microstructure.  Work  is  in  progress  to  identify  the  strength  limiting  flaws  in  the  fine  grain  PZT  and  to  further 
increase  strength  through  process  refinements. 

The  improved  microstructural  homogeneity  of  fine  grain  PZT  leads  to  improved  machinability.  This  has  been 
demonstrated  for  the  Type  II  material  with  dicing  studies  as  a  prelude  to  ultrasonic  array  fabrication.  In  a  side  by  side  dicing 
comparison  with  all  parameters  the  same  (test  performed  on  a  Kulicke  and  Soffa  precision  dicing  saw),  the  tine  grain  material 
could  be  diced  into  posts  with  a  considerably  larger  aspect  ratio  than  similar  material  from  two  other  piezoelectric  ceramic 
vendors  (see  Table  III).  Figures  7  and  8  show  cross  sections  of  diced  arrays  for  the  fine  grain  TRS200  and  material  from 
vendor  #1 .  The  fine  grain  ceramic  had  a  considerably  more  uniform  microstructure  compared  to  the  scale  of  the  diced  posts. 

For  actuators,  improved  mechanical  strength  will  lead  directly  to  improved  reliability.  Better  machinability  is  also  a 
benefit  as  it  allows  fabrication  of  epoxy  bonded  stack  actuators  with  thinner  layers  obtained  from  either  lapping  or  slicing. 
Improved  mechanical  strength  is  important  here  as  well  to  provide  adequate  handlability  for  thin  plates. 


Figure  7:  Cross  section  of  a  diced  array  of  TRS200FG. 


Figure  8:  Cross  section  of  a  diced  array  of  Type  II 
ceramic  from  vendor  I . 


4.  HIGH  ELECTRIC  FIELD  BEHAVIOR 

To  characterize  the  grain  size  effect  on  high  field  behavior  (the  operation  domain  of  piezoelectric  actuators),  field  induced 
strain  in  monolithic  test  pellets  (10  mm  diameter  x  1  mm  thick)  was  measured  with  a  linear  variable  differential  transformer 
(LVDT)  and  a  programmable  power  supply.  Samples  were  driven  at  ±  2.5  and  ±  5  kV/cm  with  a  sinusoidal  varying  electric 
field  and  to  +  30  kV/cm  with  a  linearly  ramped  electric  field  (unipolar  drive).  Results  arc  shown  in  figures  9  through  1 1  for 
TRS200  and  200FG  and  in  figures  12  through  13  for  TRS600  and  600FG.  For  the  Type  II  materials,  despite  the  higher  low 
field  properties  of  the  fine  grain  ceramics,  the  high  field  strain  of  these  samples  was  slightly  lower  than  that  of  the 
conventional  ceramic.  High  field  strain  can  be  enhanced  by  reorientation  of  ferroelectric  domains  for  which  the  field-aligned 
state  is  not  stable.  Thus,  removal  of  the  electric  field  causes  these  unstable  domains  to  switch  back  to  their  unaligned  state. 
The  material  is.  therefore,  partially  repoled  and  dcpoled  every  time  it  is  cycled.  Though  strain  can  be  large  in  such  a 
situation,  hysteresis  also  tends  to  be  large  leading  to  detrimental  effects  such  as  heat  generation  and  fatigue 

For  the  Type  II  materials  studied,  conventional  coarse  grained  ceramic  had  a  less  stable  domain  state  in  the  zero  field 
condition  as  evidenced  by  its  higher  hysteresis  and  strain.  This  is  especially  evident  during  bipolar  drive.  The  fine  grain 
ceramic  has  higher  low  field  properties  because  its  domains  remain  more  completely  aligned  after  removal  of  the  electric  field. 
However,  this  also  means  there  is  less  strain  at  high  fields  due  to  fewer  contributions  from  domain  reorientation.  TEM 
studies  suggest  fine  grain  piezoelectrics  have  fewer  domain  orientation  variants  than  coarse  grained  ceramic3.  Therefore,  it 
may  be  that  the  unstable  domain  orientations  in  conventional  material  do  not  exist  in  fine  grain  ceramic.  With  a  more  stable 
domain  state  and  a  smaller  grain  size  to  impede  crack  growth,  the  fine  grain  Type  II  material  should  be  less  susceptible  to 
mechanical  fatigue  during  cyclic  driving.  Work  is  in  progress  to  see  if  this  is  the  case. 

Once  again  the  situation  is  reversed  for  the  Type  VI  material.  Fine  grain  samples  had  reduced  low  field  properties 
compared  to  conventional  material,  but  the  strain  was  higher  for  fine  grain  ceramic  during  high  field  unipolar  drive.  Thus,  for 
the  piezoelectrically  “soft”  Type  VI  materials,  there  is  more  domain  instability  in  the  fine  grain  ceramic  than  in  the  coarse 
grained  material.  TEM  has  not  yet  been  done  on  these  materials  to  see  if  grain  size  has  the  same  effect  on  domain  orientation 
variants  as  it  does  in  Type  II  ceramic.  A  very  high  electric  field  is  required  to  observe  the  domain  instability  in  Type  VI 
ceramic.  For  bipolar  drive  at  both  ±  2.5  and  ±  5  kV/cm.  the  strain  and  hysteresis  are  lower  for  fine  grain  ceramic  than  for 


coarse  material.  Only  during  unipolar  driving  at  30  kV/cm  does  the  strain  for  fine  grain  Type  VI  ceramic  increase  above  that 
of  coarse  grained  material.  It  may  be  that  for  Type  VI  material,  the  grain  size  that  causes  a  reduction  in  domain  orientation 
variants  is  smaller  than  it  is  in  Type  II  material.  Thus,  Type  VI  grain  size  would  need  to  be  further  reduced  before  it  behaves 


like  the  Type  II  ceramic. 


Electric  Field  (kV/cm) 

- TRS200;  d  -  566  pm/V 
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Figure  9:  Strain  for  TRS200  and  200FG  during  bipolar 
drive  at  ±  2.5  kV/cm.  d33*s  calculated  from  linear 
regression  are  shown. 
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Figure  10:  Strain  for  TRS200  and  200FG  during  bipolar 
drive  at  ±  5  kV/cm.  d33’s  calculated  from  linear 
regression  are  shown. 
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Figure  12:  Strain  for  TRS600  and  600FG  during  bipolar 
drive  at  ±  2.5  kV/cm. 


Figure  1 1 :  Strain  for  TRS200  and  200FG  during 
unipolar  driving  to  +  30  kV/cm. 


0.25 


Electric  Field  (kV/cm) 
TRS600:  d  ^  ~  1440  pm/V 
TRS600FG  ;  d -  1090  pm/V 


Figure  13:  Strain  for  TRS600  and  600FG  during  bipolar 
drive  at  ±  5  kV/cm. 
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Figure  14:  Strain  for  TRS600  and  600FG  during 
unipolar  drive  at  30  kV/cm. 


5.  BEHAVIOR  UNDER  ELECTRICAL  AND  MECHANICAL  BIAS 

Many  benefits  can  result  from  driving  piezoelectric  actuators  with  the  AC  electric  field  superimposed  on  a  DC  bias. 
Reduced  hysteresis  and  higher  driving  fields  w  ithout  dcpoling  are  two  examples.  Comparisons  of  bipolar  drive  at  ±  5  kV/cm 
with  no  bias  and  bipolar  drive  with  a  10  kV/cm  bias  arc  shown  in  figure  15  for  TRS600FG.  There  is  a  dramatic  reduction  in 
hysteresis  for  only  a  very  slight  decrease  in  strain.  The  bias  field  stabilizes  the  domain  structure,  while  for  normal  bipolar 
driving  the  negative  electric  field  portion  of  the  cycle  partially  dcpoles  the  material  leading  to  high  hysteresis  and  heat 
generation.  Mechanical  bias  or  compressive  prestress  is  also  commonly  applied  to  piezoelectric  actuators  to  prevent  the 
ceramic  from  being  stressed  in  tension.  The  behavior  of  materials  under  prestress  is  an  important  factor  in  actuator  design. 
Strain  from  fine  grain  and  conventional  ceramics  was  measured  under  prestress  levels  from  0  to  100  MPa  using  a  load  frame 
to  apply  the  stress  and  strain  gauges  for  the  strain  measurements.  AC  electric  fields  were  applied  with  a  period  of  l  second. 
The  AC  fields  were  superimposed  on  DC  bias’s  fields  of  5  or  10  kV/cm.  An  example  of  the  resulting  strain  data  for 
TRS600FG  is  shown  in  figure  16,  and  figure  17  is  a  schematic  of  the  load  frame.  In  all  cases  compressive  stress  was  applied 
before  the  samples  were  subjected  to  an  electric  field 


. Bipolar  Drive  (0  ±  5  kV/cm) 

- Biased  Drive  ( 10  ±  5  kV/cm ) 

Figure  15:  Comparison  of  biased  and  unbiased  driving  for 
TRS600FG. 


Figure  16:  Strain  resulting  from  driving  TRS600FG 
with  an  AC  field  of  ±  10  kV/cm  superimposed  on  a  DC 
bias  of  10  kV/cm  and  with  applied  compressive  stress 
from  0  to  100  MPa. 


Figure  1 7:  Load  frame  used  to  perform  the  prestress  measurements. 

Strain  vs.  driving  conditions  and  prestress  level  for  the  four  materials  is  shown  in  figures  18  through  21.  There  is  very 
little  dependence  of  strain  behavior  on  bias  field.  For  Type  VI  ceramic,  the  small  increase  in  strain  at  low  bias  fields  and 
stress  levels  results  from  reduced  clamping  of  domain  wall  motion  compared  to  higher  bias  levels  (i.e.  the  10  kV/cm  bias  is 
closer  to  the  saturation  region  of  the  material’s  strain  vs.  field  curve  than  the  lower  bias  field).  The  Type  VI  materials 
exhibited  increases  in  strain  as  prestress  was  increased  from  0  to  about  20  MPa.  Above  20  MPa  field  induced  strain  decreased 
with  stress.  Type  VI  materials  become  depoled  as  compressive  stress  is  applied,  but  application  of  a  electric  field  repolarizes 
the  material.  This  can  be  seen  in  figure  22,  a  comparison  of  polarization  induced  during  driving  under  compressive  prestress 
at  ±  10  kV/cm  around  a  10  kV/cm  bias.  Since  the  bias  field  prevents  depolarization  from  an  electric  field  opposite  in  polarity 
to  the  ceramic,  the  observed  effects  in  figure  22  are  all  due  to  the  applied  stress. 

For  the  Type  VI  material,  induced  polarization  continually  increases  with  increasing  stress  until  about  20  MPa  where  the 
polarization  levels  off.  For  the  600FG  material,  polarization  decreases  again  above  40  MPa.  These  data  further  support  the 
premise  that  there  is  a  domain  instability  in  the  Type  VI  fine  grain  material.  For  the  conventional  ceramic,  applying 
prestress  above  20  MPa  does  not  cause  more  depolarization  than  can  be  made  up  by  the  applied  field.  Strain  then  decreases 
above  this  stress  level  because  the  generative  force  of  the  piezoelectric  effect  at  the  applied  field  levels  is  not  enough  to 
completely  counteract  the  applied  stress.  Since  the  polarization  is  constant  above  a  prestress  of  20  MPa,  the  reduction  in 
strain  above  that  level  is  not  caused  by  depolariztion.  The  situation  is  different  for  the  Type  VI  fine  grain.  Here  polarization 
increases  up  to  20  MPa  as  in  the  previous  case,  but  above  40  MPa  induced  polarization  decreases  causing  a  more  rapid 
decrease  in  strain  with  stress  than  is  observed  in  the  conventional  material.  This  behavior  could  be  explained  by  a  partial 
depolarization  of  an  unstable  domain  state  which  can  not  be  reoriented  at  stresses  above  40  MPa  with  the  fields  applied  in  the 
experiment. 


In  the  case  of  the  Type  II  material,  the  data  further  support  an  extremely  stable  domain  state  in  the  fine  grain  ceramic. 
Stress  causes  the  strain  to  continually  decrease  in  the  Type  II  fine  grain  material,  but  the  polarization  data  indicate  that  none 
of  this  is  due  to  depolarization.  Induced  polarization  shows  no  dependence  on  applied  stress.  The  decrease  in  strain  is  simply 
due  to  the  balance  between  piezoelectric  generative  force  and  the  applied  compressive  force.  This  is  a  particularly  attractive 
feature  for  an  actuator  material,  as  excessive  domain  reorientation  can  lead  to  heating  and  fatigue,  limiting  device  lifetime. 
Some  depolarization  with  stress  is  observed  in  the  conventional  Type  II  material  although  it  is  still  much  less  than  the  Type 
VI  ceramic. 
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Figure  18:  Total  strain  vs.  prestress  and  driving 
conditions  for  TRS600. 
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Figure  20:  Total  strain  vs.  prestress  and  driving 
conditions  for  TRS200. 


—  —  -  10  ±5  o  5  kV/cm  bias 
- 10  ±2.5  ±2.5  kV/cm 

Figure  19:  Total  strain  vs.  prestress  and  driving  condition 
for  TRS600FG. 
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Figure  21 :  Total  strain  vs.  prestress  and  driving  condition 
for  TRS200FG 
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Figure  22:  Induced  polarization  vs.  compressive  stress  during  driving  at  ±  10  kV/cm  around  a  bias  ot  !0  kV/cm. 


6.  CONCLUSION 

The  effect  of  grain  size  on  piezoelectric  properties  important  for  actuator  applications  was  investigated  for  Type  II  and  VI 
ceramics.  Chemical  compensation  of  property  degradation  with  grain  size  successfully  resulted  in  Type  II  ceramics  with 
higher  low  field  piezoelectric  and  dielectric  properties  than  conventional  material.  Fine  grain  ceramics  have  been  shown  to 
exhibit  at  least  a  20%  improvement  in  mechanical  strength  over  coarse  grained  material,  and  in  precision  dicing  studies,  fine 
grain  ceramics  have  been  shown  to  be  more  machinable.  High  field  measurements  and  response  to  compressive  prestress 
have  shown  that  fine  grain  Type  VI  ceramics  have  a  domain  instability  which  results  in  higher  field  induced  strain  than  is 
achievable  with  conventional  material.  Prestress  measurements  of  fine  grain  Type  II  ceramic  revealed  that  this  material  has 
an  extremely  stable  domain  structure  making  it  a  promising  candidate  for  high  reliability  piezoelectric  actuators. 
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The  piezoelectric  shear  strain  S5  of  several  commercially  available  lead  zirconate  titanate 
(PZT)  piezoceramics  was  evaluated  under  non  resonant  conditions  in  a  sinusoidal  ac-field 
E^t)  directed  perpendicular  to  the  poling  direction.  Results  obtained  on  donor  doped  (soft 
PZT)  and  acceptor  doped  (hard  PZT)  ceramics  are  compared.  At  fields  sufficiently  below 
the  limiting  field  Elim  necessary  to  electrically  depole  the  sample,  we  find  a  linear, 
nonhysteretic  relationship  between  S5  and  the  polarization  P2.  In  soft  PZT  ceramics,  the 
effective  piezoelectric  shear  coefficient  d15=S5/E1  shows  a  pronounced  ac-field  dependence 
which  was  fitted  according  to  d15(E1)=dlin[l  +(dnIE1)a]  with  a~1.2.  The  results  indicate  that 
irreversible  motion  of  non- 180°  walls  causes  the  nonlinearity  of  PZT  and  the  contribution  of 
180°  walls  to  the  linear  and  nonlinear  coefficients  is  negligible.  The  analysis  of  the 
relationship  between  linear  and  nonlinear  coefficients  obtained  at  different  ceramic  systems 
leads  us  to  the  suggestion  that  another  extrinsic  contribution  to  the  permittivity  exists  in  PZT 
which  may  not  be  attributed  to  domain  wall  motion  but  related  to  the  dielectric  dispersion  at 
microwave  frequencies. 

PACS  No.:  77.80.Dj,64.70.Rh 
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Introduction 


Several  ferroelectric  materials  have  gained  a  considerable  importance  for  industrial 
applications  due  to  their  unique  piezoelectric  properties.1  Among  them,  poled  lead  zirconate 
titanate  (PZT,  Pb(ZrxTi^.x)03)  and  related  piezoceramics  are  of  particular  interest  because 
this  material  system  is  widely  used  for  actuators,  sensors  and  transducers.2  In  most  actuators 
produced  up  to  now,  the  electric  field  is  applied  parallel  to  the  polar  axis  of  the  piezoceramic 
in  order  to  obtain  displacements  u3  and  Uj  parallel  and  perpendicular  to  this  axis, 
respectively.  Accordingly,  a  large  number  of  experimental  work  was  conducted1  to 
investigate  various  features  related  to  the  corresponding  piezocoefficients  d33  and  d31  and  to 
separate  intrinsic  properties  (of  ;  hypothetic  ceramic  consisting  of  single  domain  grains) 
from  extrinsic  contributions  to  these  coefficients  which  are  assumed  to  be  due  to  domain  wall 
and  phase  boundary  motion.1,3'12  It  was  found  that  both  piezoelectric  and  dielectric 
coefficients  of  PZT  can  be  adjusted  in  a  wide  range  by  tuning  the  defect  chemistry  of  the 
ceramic.1,2  This  was  attributed  to  dopants  influencing  the  activity  of  domain  walls  in  the 
piezoceramics.  Generally  speaking,  donor  doped  PZTs  have  an  exceptionally  high  domain 
wall  mobility  whereas  acceptor  dopants  supress  the  domain  wall  response. 1,3  In  what  follows 
we  refer  to  donor  (acceptor)  doped  PZT  as  soft  (hard)  PZT. 

Much  less  is  known  about  the  piezoelectric  coefficient  d15  related  to  the  shear  strain 
S5  which  will  be  induced  if  the  electric  field  is  applied  perpendicular  to  the  polar  axis. 
However,  new  generations  of  piezoelectric  actuators,  for  example  torsional  actuators,  may 
make  use  of  the  piezoelectric  shear  response  of  piezoceramics.  The  data  available  indicates 
that  dopants  effect  d15  in  a  similar  way  as  d33  and  d31  which  is  in  agreement  with  theoretical 
considerations12,13  which  show  that  contributions  to  S5  occur  due  to  field  induced 
displacements  of  (ferroelastic)  non- 180°  walls.  Most  of  the  d15  data,  however,  were  obtained 
using  resonance  techniques  at  frequencies  much  higher  than  the  operating  frequency  range  of 
typical  actuators.  More  important,  due  to  dielectric  heating  at  high  driving  levels,  resonance 
methods  are  not  well  suited  for  studying  the  ac-field  dependence  of  piezoelectric  properties. 
On  the  other  hand,  a  first  measurement  of  d15  at  low  frequencies  revealed  a  pronounced 
increase  of  d15  with  increasing  amplitude  of  the  ac-field.8  Obviously,  the  actuator 
performance  will  be  enhanced  due  to  this  nonlinearity  if  the  device  is  driven  in  high  fields. 
In  a  previous  paper,  we  found  indication  that  a  threshold  for  the  onset  of  piezoelectric 
nonlinearity  exists  in  soft  PZT  at  Ec»100V/cm.14  Above  threshold,  the  ac-field  dependence 
of  piezoelectric  and  dielectric  coefficients  obeys  a  non-analytic  scaling  law  which  seems  to 
reflect  a  universal  behavior  of  soft  PZT.  This  scaling  behavior  of  PZT  may  be  useful  in 
finding  a  limited  set  of  nonlinear  coefficients  which  characterize  the  ac-field  dependence  of 
piezoelectric  properties  of  a  given  ceramic  completely. 

Another  problem  which  has  to  be  addressed  for  future  actuator  applications  is  the 
depoling  of  the  ceramic  due  to  the  driving  field  which  sets  in  at  a  limiting  field  Elim. 
Clearly,  Elim  determines  besides  the  linear  and  nonlinear  piezocoefficients  the  maximum 
attainable  strain  S5max. 

In  this  paper,  the  piezoelectric  shear  strain  S5  of  several  commercially  available  soft 
and  hard  PZT-ceramics  was  investigated.  The  frequency  of  the  measuring  ac-field  was 
f=  100Hz  which  is  within  the  operating  range  of  most  actuator  applications.  The  amplitude 
E/ac)  of  the  ac-field  oriented  perpendicular  to  the  poling  direction  was  gradually  increased 
until  the  sample  was  depoled  electrically.  We  present  data  describing  both  the  dependence 
SjfP^  between  shear  strain  and  polarization  and  d15(E^ac))  between  the  effective 
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piezocoefficient  d15=S5/E/ac^  and  the  ac-field  amplitude.  Note  that  both  180°  and  non-180° 
walls  contribute  to  the  permittivity  of  the  material  whereas  the  piezocoefficient  is  influenced 
by  the  motion  of  non  180°  walls  only.  For  this  reason,  both  the  piezoelectric  and  the 
dielectric  nonlinearity  of  the  piezoceramics  was  analyzed  and  related  to  the  corresponding 
small  signal  coefficients.  From  the  results,  we  will  argue  that  several  extrinsic  mechanisms 
contribute  to  the  small  signal  permittivity  both  in  soft  and  hard  PZT  whereas  irreversible 
motion  of  non- 180°  domain  walls  seems  to  be  the  only  major  source  of  nonlinearity  in  PZT- 
piezoceramics. 


2.  Experimental 

The  material  systems  under  investigation  were  exclusively  commercially  available 
piezoceramics.  We  considered  both  soft  PZT  (Tokin  N-10,  N-21;  Motorola  3203HD; 
Morgan  Matroc  PZT-5H  and  PZT-5A  and  EDO  PZT-5A)  and  hard  PZT  (Morgan  Matroc 
PZT-4D  and  PZT-8).  The  Curie  temperatures  of  the  ceramics  examined  cover  a  wide 
temperature  range  145K<TC<365K.15  Samples  were  cut  as  parallelepipeds  (typical 
dimension  5  x5  x8mm3  for  soft  PZT  and  1.5  x5  x8mm3  for  hard  PZT)  and  polished.  After 
that  they  were  cleaned  first  in  acetone  and  then  in  deionized  water  followed  by  drying  to 
eliminate  residual  water.  Au-electrodes  were  sputtered  on  the  major  faces  in  such  a  way  that 
the  harmonic  measuring  field  (f=100Hz)  was  directed  perpendicular  to  the  poling  direction. 

The  sample  was  glued  with  its  bottom  electrode  on  a  stage  and  a  mirror  was  placed 
on  the  top  electrode  of  the  sample  from  which  the  shear  displacement  was  measured  by  an 
optical  displacement  sensor  (MTI 2000).  The  output  signal  of  the  optical  fiber  sensor  was  fed 
both  to  a  lock-in  amplifier  to  detect  the  first  harmonic  component  S5^  and,  for  sufficiently 
large  signals,  to  a  digital  oscilloscope  which  displayed  the  whole  S5(E1)  relationship.  From 
these  data,  the  effective  piezoelectric  coefficient  d15=S5^1^)/E1^  was  obtained,  where  E/ac^ 
is  the  amplitude  of  the  measuring  field.  Before  each  measurement  was  performed,  the  whole 
setup  was  calibrated  by  measuring  the  signal  due  to  the  static  sample  displacement  controlled 
by  a  micrometer  screw. 

The  field  dependence  DjfEj)  of  the  dielectric  displacement  measured  by  a 
Sawyer-Tower  circuit16  was  displayed  simultaneously  on  the  second  channel  of  the 
oscilloscope  and  analyzed  in  its  fundamental  harmonic  D^1^  by  another  lock-in  amplifier. 
This  yields  information  about  the  effective  dielectric  coefficient  s11=D1(lf)/E/ac). 

All  measurements  were  performed  at  room  temperature.  In  order  to  estimate  the 
effect  of  dielectric  heating,  measurements  were  additionally  performed  in  the  tone  burst 
mode  were  the  sample  was  excited  by  pulses  containing  ten  100Hz  sinusoidal  waves  with  a 
3  second  dead  time  and  the  results  were  compared  with  those  obtained  in  the  continous  wave 
mode. 


3.  Results  and  Discussion 

For  all  PZTs  examined,  the  piezoelectric  shear  strain  S5  exhibits  a  very  similar  behavior, 
i.e.  it  increases  non-linearly  with  the  amplitude  of  the  ac-field  until  the  electrical  depoling  of 
the  sample  sets  in  at  Elim  (Fig.  1).  Therefore,  in  addition  to  the  weak  signal  piezoelectric 
coefficient,  the  depoling  behavior  and  the  piezoelectric  nonlinearity  clearly  also  determine 
the  suitability  of  a  piezoceramic  in  actuators.  In  what  follows,  both  of  these  issues  will  be 
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addressed  in  detail. 


3.1  Electrically  depoling  in  fields  perpendicular  to  the  poling  direction 

Electrically  depoling  involves  all  field  induced  processes  which  lead  to  a  total  or 
partial  loss  of  the  preferable  orientation  of  the  polarization  vector  of  the  grains  which  was 
attained  during  the  poling  of  the  ceramic.  Depoling  processes  occur  in  our  measuring 
geometry  at  lower  fields  because  external  field  and  poling  direction  are  not  parallel  as  in 
other  piezoelectric  devices  using  longitudinal  strain  Sj  and  S3.  Roughly  speaking,  the  mean 
polarization  vector  of  the  ceramic  has  to  be  distorted  by  90°  only  instead  of  180°  to  depole 
the  sample. 

As  the  poling  process  itself,  electrically  depoling  is  strongly  related  to  irreversible 
changes  of  the  domain  structure  and  depends  on  a  variety  of  experimental  conditions  such  as 
temperature,  amplitude  and  frequency  of  the  external  field,  time,  sample  history  and 
electrodes.  At  fields  sufficiently  smaller  than  Elim,  the  data  obtained  in  the  continous  wave 
and  tone  burst  mode  are  almost  identical  indicating  that  dielectric  heating  of  the  sample  can 
be  neglected.  During  depoling,  however,  a  strong  temperature  increase  was  observed. 
Additionally,  electrical  depoling  was  preceded  by  a  time  dependent  relaxation  of  both 
piezoelectric  and  dielectric  coefficients,  that  is,  for  a  given  amplitude  of  the  electric  field, 
the  corresponding  values  of  polarization  and  strain  are  not  constant  but  vary  with  time.  This 
relaxation  seems  not  to  be  attributed  exclusively  to  the  change  of  the  sample  temperature  due 
to  dielectric  and  mechanical  heating.  At  a  field  just  below  the  depoling  field,  this  relaxation 
leads  to  an  increase  of  the  polarization  and  the  strain.  As  the  field  is  increased  further,  the 
polarization  will  remain  to  increase  with  time  whereas  the  shear  strain  starts  to  decrease, 
indicating  the  onset  of  depoling. 

For  some  of  the  samples,  the  experiment  carried  out  in  the  continous  wave  mode  was 
terminated  right  at  this  point  and  then  the  measurement  was  continued  in  the  tone  burst 
mode.  In  this  mode,  the  measurement  could  be  extended  to  considerably  higher  field 
strengths  before  the  sample  was  totally  depoled.  In  Table  I,  we  consider  the  depoling  field 
Eiim  t0  be  that  at  which  depoling  starts  within  a  few  seconds  after  adjusting  a  higher  field 
level  in  the  continous  wave  and  tone  burst  mode,  respectively.  It  should  be  noted  that  the 
sample  history  may  influence  the  result  and  fatigue  and  electrical  depoling  processes  may  be 
related.  Nevertheless,  it  is  obvious  from  the  data  presented  in  Table  I  that  it  is  neither  the 
softest  nor  the  hardest  materials  which  have  the  highest  strain  response  available  at  Elim 
despite  they  show  the  highest  piezocoefficient  and  depoling  field,  respectively. 

In  addition  to  a  loss  of  piezoelectricity  in  the  sample,  depoling  is  also  accompanied 
by  the  creation  of  sparks  at  the  edges  of  the  sample.  This  is  unique  to  the  depoling  by  a  field 
Ej  perpendicular  to  the  original  poling  direction  and  is  related  to  charges  on  the  unelectroded 
faces  of  the  sample  which  were  initially  compensated  by  the  bound  domain  charge  of  the 
poled  sample  and  are  released  when  the  orientation  of  these  domains  is  changed  during 
electrical  driving.  Changes  in  the  domain  structure  manifest  itself  at  fields  close  below  Elim 
by  a  steep  increase  of  the  ratio  eu/d15  indicating  a  corresponding  increase  of  the  ratio 
between  180°  and  non-180°  walls  (Fig.  2).  At  the  same  time,  the  strain-polarization 
dependence  which  is  linear  and  nonhysteretic  in  lower  fields  becomes  hysteretic  and 
nonlinear.  Apparently,  new  180°  walls  are  created  temporarily  in  some  grains  as  depoling 
field  is  approached  before  the  polarization  vector  is  reoriented  irreversibly  at  Elim. 
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3.2  Nonlinear  piezoelectric  behavior 

We  analyze  now  the  piezoelectric  behavior  at  ac-fields  well  below  Ejim.  Although  the  field 
dependence  P^Ej)  and  SjCEj)  of  polarization  and  shear  strain  is  nonlinear  and  hysteretic 
which  indicates  the  contribution  of  non- 180°  domain  wall  and  phase  boundary  motion  in  this 
field  range,  the  strain-polarization  relationship  is  nonhysteretic  and  linear.  Accordingly,  the 
relationship  between  shear  strain  and  polarization  amplitude  induced  in  the  ceramic  by  the 
harmonic  ac-field  can  be  fitted  according  to 

55(lf)  =sri5  [Pi(lf)]c  (i) 

which  results  in  an  exponent  c  «1  (Fig.  3  and  Table  II)  for  both  soft  and  hard  materials. 
Apparently,  the  ratio  between  dielectric  active  180°  and  dielectric  and  piezoelectric  active 
non- 180°  walls  in  the  piezoceramics  remains  approximately  constant  and  mainly  dielectric 
loss  mechanisms  contribute  to  the  piezoelectric  loss  at  the  measuring  frequency. 

The  effective  piezocoefficient  g15  defined  in  eq.(l)  exhibits  a  significant  material 
dependence  (Table  II).  Generally  speaking,  g15  decreases  with  increasing  permittivity  and 
piezocoefficient,  respectively,  of  the  particular  piezoceramic.  Due  to  the  centrosymmetric 
paraelectric  phase  of  the  PZT-ceramics,  g15  can  be  reduced  to  an  effective  electrostrictive 
coefficient 
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where  Pa-Pspont  is  the  polarization  induced  in  3-direction  during  poling  of  the  ceramic.  In  a 
single  domain  single  crystal  with  a  second  order  phase  transition,  g15  would  obey  therefore 
the  same  temperature  dependence  g15"(Tc-T)1/2  as  the  spontaneous  polarization  of  the  crystal, 
where  Tc  is  the  Curie-temperature.  The  double  logarithmic  plot  of  g15  versus  Tc,  taken  from 
the  data  sheets  of  the  manufacturer,  results  in  a  straight  line  with  a  slope  n=0.44  for  all  soft 
PZT  ceramics  examined  except  for  Tokin  N-21  (Fig.  4).  We  conclude  that  different  g15 
values  obtained  in  this  group  of  ceramics  result  mainly  from  differences  in  Tc  due  to  the 
different  dopant  level  in  the  materials  and  all  ceramics  have  approximately  the  same  nearly 
temperature  independent  Q135  coefficient. 

We  consider  now  the  ac-field  dependence  of  effective  coefficients  e, ,  and  d15  defined 
above  which  should  not  be  mistaken  with  the  small  signal  values  e11^=5D1/5E1  and 
di5^=5S5/5E1  of  permittivity  and  piezomodul,  respectively.  In  a  soft  PZT-piezoceramic, 
we  find  qualitatively  the  same  ac-field  dependence  for  dielectric  and  piezoelectric  data  (Fig. 
5)  which  is  in  agreement  with  previous  findings.8  On  the  other  hand,  the  nonlinearity  is 
more  pronounced  for  the  coefficients  en  and  d15  which  were  obtained  in  fields 
perpendicular  to  the  poling  direction  than  for  the  longitudinal  coefficients  e33  and  d33.  Most 
important,  the  data  clearly  shows  that  the  nonlinear  contribution  to  the  total  strain  response 
in  soft  PZT  plays  a  major  role  already  at  fields  well  below  the  depoling  field.  Clearly,  the 
linear  piezoelectric  coefficients  determined  at  a  low  measuring  voltage  are  insufficient  to 
describe  the  performance  of  a  PZTpiezoceramic  in  an  actuator  application.  In  order  to 
evaluate  ceramic  materials  of  various  kind,  it  is  therefore  highly  desirable  to  find  a  limited 
number  of  nonlinear  coefficients  which  enable  one  to  describe  the  S5(E)  dependence  of  a 
given  ceramic  material  as  simply  as  possible. 
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Apparently,  the  nonlinear  behavior  of  PZT  is  related  to  the  activity  of  domain  walls 
in  PZT  since  the  intrinsic  nonlinearity  of  the  material  should  be  negligibly  small  at 
temperatures  far  below  Tc.  Though  the  specific  mechanism  leading  to  the  nonlinear  domain 
wall  response  is  unknown,  it  was  suggested  that  it  is  attributed  to  the  potential  energy  of  the 
wall.8  This  can  be  described  phenomenologically  assuming  an  anharmonic  potential  U(Ax) 
of  a  wall  displaced  by  the  distance  Ax  from  its  equilibrium  position.  Accordingly,  it  should 
be  possible  to  expand  the  domain  wall  contribution  to  piezoelectric  shear  strain  and  dielectric 
displacement  in  a  Taylor  expansion  in  terms  of  Ej  and  the  higher  order  coefficients  may  be 
used  to  characterize  the  nonlinear  behavior  of  the  piezoceramic.  For  symmetry  reasons,  the 
Taylor  expansion  of  S5(  Ej)  and  Dj(  Ej) 
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will  contain  only  odd  order  terms  of  Ej  because  these  coefficients  describe  the  response  in 
a  field  perpendicular  to  the  poling  direction  of  the  ceramic.  If  a  harmonic  field  E^Ej 
(ac^cos(©t)  is  applied,  we  find  from  the  fundamental  harmonic  of  the  Fourier-series  of  strain 
and  polarization,  respectively,  the  effective  coefficients 


The  double  logarithmic  plot  of  the  nonlinear  part  of  the  effective  coefficients 
Acj  i  =  e i j (E i ^ac^)-e 1 and  Ad15=d15(E1^)-d15^0),  respectively,  versus  the  ac-field 
amplitude  provides  straight  lines  for  E>100V/cm  (Fig.  6)  as  it  might  be  expected  from 
eq.(3)  assuming  that  higher  order  than  quadratic  terms  can  be  neglected.  The  slope  of  the 
lines  nwl.2,  however,  is  much  smaller  than  it  follows  from  eq.(4)  and  can  also  not  be 
explained  if  a  reasonable  number  of  higher  order  terms  would  be  taken  into  account  in  the 
Taylor-expansion  (eq.(3)). 

In  a  previous  paper,  we  have  shown  that  the  experimental  data  obtained  at  various 
soft  PZT  piezoceramics  are  consistent  with  the  assumption  that  a  threshold  for  the  onset  of 
nonlinearity  in  these  materials  exists  at  Ecla=100V/cm.14  Above  threshold,  a  non-analytic 
scaling  behavior  according  to 

Ad15*B{E1<*cl  -Ecl)* 

(5) 

A  en*A(E1(tc,-Ec3)* 

characterized  by  effective  coefficients  <j>  «1 .2  was  observed.  This  behavior  was  found  in  very 
different  ceramic  systems  with  respect  to  the  type  and  level  of  dopants  and  its  Curie 
temperature  and  seems  to  be  therefore  a  universal  property  of  soft  PZT  piezoceramics. 

Apparently,  the  threshold  at  Ecl  is  connected  with  the  onset  of  irreversible  domain 
wall  motion  in  the  PZT  piezoceramic.  Though  the  reason  for  the  nonlinearity  is  not  clear 
yet,  we  can  exclude  from  the  experimental  results  mechanisms  which  will  influence  the 
potential  energy  of  the  wall.  Instead  we  like  to  point  out  that  theoretical  models17,18  treating 
the  depinning  threshold  of  elastic  interfaces  as  a  dynamical  critical  phenomena  predict  a 
critical  behavior  of  the  interface  velocity  according  to 
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v(F-Fe)« 
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where  F  is  the  driving  force,  Fc  the  critical  force  necessary  to  depin  the  interface  and  ^  a 
critical  exponent  depending  on  the  dimension  of  the  system.  No  experimental  data  are 
available  for  fields  within  the  critical  regions  in  the  sense  of  the  theoretical  models 
mentioned  above.  Nevertheless  it  is  amazing  that  the  effective  exponents  characterizing  the 
piezoelectric  and  dielectric  nonlinearity  of  soft  PZT  piezoceramics  seem  to  be  consistent  with 
the  mean  field  result  £,  =  1.5  of  the  theoretical  considerations.17 

More  theoretical  and  experimental  work  is  necessary  to  clarify  whether  the  dynamics 
of  domain  walls  moving  in  a  random  pinning  medium  causes  the  peculiar  nonlinear  behavior 
of  soft  PZT.  On  the  other  hand,  the  nonlinearity  of  dielectric  and  piezoelectric  coefficients 
is  practically  the  same  which  indicates  that  exclusively  non- 180°  wall  motion  is  involved.  As 
we  have  shown  at  the  beginning  of  this  paper  on  the  basis  of  the  linear  S5^(P/lf^) 
dependence,  the  ratio  between  active  180°  and  non- 180°  walls  does  not  change  with  the 
ac-field  amplitude.  Considering  the  large  difference  in  the  wall  energy  between  the  180°  and 
the  non-180°  wall,16  it  seems  unlikely  that  both  types  of  walls  exhibit  the  same  threshold 
behavior  and  the  ratio  between  them  remains  constant  above  threshold.  Therefore,  it  seems 
to  be  reasonable  to  conclude  that  very  few  dielectrically  active  180°  walls  remain  in  the 
piezoceramic  after  poling  which  is  in  agreement  with  results  of  other  studies. 19'21 

It  should  be  pointed  out  that  it  is  quite  difficult  to  determine  the  threshold  field  E_i 
in  eq.(5)  accurately  because  of  deaging  phenomena  which  result  in  a  poorly  defined  8ir 
and  d15^  and  the  existence  of  another  threshold  at  lower  fields  Ec2~lV/cm.14  For  data  at 
fields  E/ac>  >  lOOV/cm  in  soft  PZT,  the  data  are  described  reasonably  well  by 

d15  =  dlla[l+(dnlE™)»]  {?) 

The  additional  parameters  jd^  and  the  exponents  a,b  are  sufficient  to  describe  the 
nonlinear  behavior  of  soft  PZT  piezoceramics  above  Ec  completely  (Fig.  7). 

The  nonlinear  behavior  of  hard  PZT-ceramics,  however,  is  different  (Fig.  8).  First, 
the  dielectric  and  piezoelectric  coefficients  increase  steeply,  which  may  be  related  to  deaging 
effects.22  Only  above  a  threshold  field  Echard  «1000-2000V/cm  which  is  much  higher  than 
that  in  soft  PZT,  the  nonlinearity  can  be  fitted  according  to  eq.(7). 

Apparently,  domain  wall  pinning  is  more  efficient  in  hard  PZT  which  may  be  due  to 
the  presence  of  extended  defects.  Moreover,  no  single  threshold  field  for  the  onset  of 
irreversible  motion  of  all  walls  seems  to  exist  but  every  wall  has  apparently  an  individual 
threshold  depending  on  its  individual  defect  environment.  Consequently,  the  domain  walls 
are  gradually  released  with  increasing  ac-field.  The  steep  increase  of  the  piezoelectric 
activity  for  E^ac^  <  Echard  may  be  attributed  to  the  increasing  number  of  active  domain  walls. 
The  apparent  threshold  Echard  may  therefore  mark  the  field  for  which  nearly  all  domain  walls 
are  released  and  the  number  of  active  walls  does  not  increase  further.  Consequently,  hard 
PZT  piezoceramic  exhibit  for  E/ac)  >  Echard  qualitatively  the  same  nonlinear  behavior  as  soft 
PZT. 

The  fitting  parameter  obtained  at  E^ac^  >  lOOV/cm  and  E^ac^  >  Echard  in  soft  and  hard 
PZT,  respectively,  are  listed  in  Table  II.  Apparently,  the  influence  of  dopants  on  the  linear 
and  nonlinear  piezoelectric  coefficients  is  similar  whereas  no  significant  influence  is 
discernible  on  the  value  of  the  exponent  b.  In  order  to  compare  the  nonlinearity  of  different 
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materials,  it  is  more  convenient  to  deal  with  fixed  exponents  a=1.2  and  b  =  1.2,  respectively, 
even  if  this  makes  the  accuracy  of  the  fit  worse  for  some  materials.  For  the  materials 
examined,  a  nearly  linear  relationship  exists  between  nonlinear  dielectric  and  piezoelectric 
coefficients  determined  in  this  manner  (Fig.  9).  Particularly,  the  linear  fit  crosses  the  origin 
of  the  coordinate  system.  Therefore,  there  seems  to  be  no  dielectric  nonlinearity  without 
corresponding  piezoelectric  nonlinearity.  This  provides  another  indication  that  it  is 
exclusively  the  non-180°  walls  which  cause  the  nonlinear  dielectric  behavior  of 
PZT -piezoceramics . 

Moreover,  there  seems  to  be  a  relationship  betweeen  the  linear  and  nonlinear 
dielectric  coefficients  (Fig.  10)  obtained  on  several  ceramics.  Tentatively,  a  linear 
relationship  is  assumed  here  for  the  sake  of  simplicity.  In  this  scenario,  the  linear  fit  of  the 
data  presented  in  Fig.  10  intersects  the  horizontal  axis  at  a  value  e^nd)  ~1 100  which  is  close 
to  the  permittivity  of  the  hardest  ceramic  (PZT-8)  investigated.  The  assumption  of  a  similar 
relationship  between  the  corresponding  piezoelectric  coefficients  leads  to  a  value  d15(nd)* 
400pC/N. 

Clearly,  the  small  signal  dielectric  response  of  the  ceramic  depends  strongly  on  the 
dopants.  Starting  from  e*nd\  which  is  quite  close  to  the  permittivity  of  the  hardest  ceramic 
examined,  the  permittivity  can  be  increased  by  A£^dom^  in  dependence  on  the  amount  and 
type  of  dopants  introduced.  In  parallel,  the  nonlinear  coefficient  which  is  negligibly  small  in 
the  hardest  ceramic  increases  in  a  similar  way.  Apparently,  the  increased  activity  of 
non- 180°  domain  walls  which  is  believed  to  be  the  reason  for  the  enhanced  permittivity  of 
donor  doped  ceramics  leads  also  to  an  increase  of  the  nonlinear  coefficient  due  to  the 
irreversible  motion  of  these  walls  above  threshold. 

On  the  other  hand,  the  very  small  nonlinearity  of  the  hardest  PZT  ceramic  indicates 
a  small  domain  wall  activity  and  it  may  be  argued  that  the  domain  contribution  to  the  small 
signal  permittivity  in  this  material  is  negligible  as  well.  Indeed,  despite  the  very  different 
Curie  temperatures  of  the  materials  examined,  all  ceramics  have  apparently  almost  the  same 
background  permittivity  efndM  100  for  which  domain  wall  related  nonlinearity  vanishes. 
We  are  aware  that  e*nd)  is  not  well  defined  because  the  assumption  of  a  proportionality 
may  be  oversimplified  and  data  obtained  at  soft  and  hard  PZT  should  be  analyzed 
separately.  However,  any  reasonable  extrapolation  of  the  experimental  data  seems  to  give  a 
value  which  is  significantly  higher  than  the  intrinsic  contribution  6^int^400.7’23 
Apparently,  besides  the  intrinsic  contribution  to  the  permittivity  and  the  normal  domain 
wall  motion  related  dielectric  contribution  considered  up  to  now,  a  second  extrinsic 
mechanism  exists  which  contributes  at  room  temperature  to  the  permittivity  in  all  the 
materials  examined  and  seems  to  be  nearly  independent  on  the  doping  level  of  the  ceramic. 
Note  that  this  mechanism  may  freeze  in  at  low  temperatures  in  a  similar  way  as  the 
dielectric  domain  wall  contribution.  Therefore,  our  assumption  is  not  in  contradiction  with 
a  former  study7  in  which  was  shown  that  the  permittivity  of  PZT  measured  at  low 
temperatures  does  not  depend  on  dopants. 

The  value  of  determined  from  the  present  data  is  close  to  the  relaxor  strength  of 
a  non-Debye  relaxation  found  in  an  undoped  PZT  composition  near  the  morphotropic  phase 
boundary.  3  Due  to  its  temperature  independent  relaxation  frequency  fr»700MHz,  it  was 
argued  that  neither  the  soft  mode  nor  domain  wall  motion  causes  this  dielectric  contribution. 
In  an  alternative  model,  Arlt  and  coworkers24  proposed  that  ferroelastic  domains  may 
contribute  to  the  permittivity  up  to  microwave  frequencies.  Due  to  the  fact  that  every 
increase  of  the  domain  wall  mobility  in  PZT  achieved  by  doping  apparently  manifests  itself 
in  an  increase  of  the  small  signal  permittivity  and  of  the  nonlinear  dielectric  coefficient,  we 


conclude  that  the  contribution  As(nd)=£^-e(int^  of  the  second  extrinsic  mechanism  leading 
to  the  high  frequency  dispersion  of  PZT  is  not  necessarily  related  to  the  motion  of  domain 
walls.  At  least  it  is  unlikely  that  classical  non- 180°  walls,  which  activity  depends  strongly  on 
the  doping  level  and  which  we  have  shown  to  cause  nonlinearity  above  threshold,  are  related 
to  this  mechanism.  Because  high  frequency  data  of  piezoelectric  coefficients  are  not 
available,  it  remains  unclear  whether  this  second  extrinsic  mechanism  influences  also  the 
piezoelectric  activity. 


4.  Conclusions 

Commercial  available  PZT-piezoceramics  with  different  doping  level  were  examined  with 
respect  to  their  suitability  in  future  shear  actuator  applications.  The  results  show  that  it  is 
neither  the  softest  nor  the  hardest  materials  which  produces  the  highest  piezoelectric  shear 
strain.  In  the  field  range  well  below  the  depoling  field,  a  linear,  nonhysteretic  strain 
polarization  relationship  was  observed  which  may  be  of  importance  for  high  accuracy 
positioning  control.  We  conclude,  that  in  these  field  range  no  domains  are  nucleated  or 
annihilated  but  movements  of  existing  domain  walls  contribute  to  S5. 

The  unique  scaling  behavior  above  threshold  for  the  onset  of  nonlinearity  in  PZT 
enabled  us  to  define  two  additional  nonlinear  piezoelectric  and  dielectric  parameters, 
respectively,  which  characterize  the  piezoelectric  and  dielectric  nonlinearity  of  the  material 
completely.  The  comparison  of  parameters  obtained  on  different  ceramic  systems  shows  a 
strong  correlation  between  the  piezoelectric  and  dielectric  nonlinearity  in  PZT  which  gives 
another  indication  that  the  nonlinearity  is  exclusively  caused  by  the  onset  of  irreversible 
non- 180°  wall  motion.  The  data  seems  also  to  indicate  a  relationship  between  domain  wall 
related  linear  and  nonlinear  contributions.  We  note  that  ceramics  in  which  the  nonlinearity 
and  therefore  also  the  domain  wall  contribution  to  the  linear  coefficient  is  negligibly  small 
have  nevertheless  a  small  signal  permittivity  much  higher  than  the  intrinsic  value.  It  may  be 
concluded,  that  a  second  extrinsic  mechanism  contributes  to  the  permittivity  of  PZT  which 
is  not  necessarily  related  to  domain  wall  motion  but  is  connected  with  the  non-Debye 
relaxation  at  microwave  frequencies. 
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Table  I: 


Limiting  field  ^lim  and  limiting  field  strain  S5max. 


material 

Elim  [kV/cm] 

(continous  wave) 

s  5  m  a  x  x  i  o  3  Elim  [kV/cm]  S5maxxl03 
(continous  wave)  (tone  burst)  (tone  burst) 

PZT-8 

11 

0.4 

19.8 

0.75 

PZT-4D 

9 

0.7 

14.4 

1.4 

PZT-5A 

6.5 

1.0 

- 

- 

N-21 

6.2 

1.2 

9.3 

2.75 

ED0-5A 

4.8 

1.2 

- 

- 

PZT-5H 

4.9 

1.1 

8.9 

2.5 

3203HD 

3.8 

0.85 

- 

- 

N-10 

3.0 

0.75 

Table  II: 

Fitting  coefficients  according  to  eqs.(l)  and  (7),  respectively. 

material 

Sl5 

xlO2  [m2/C] 

c 

dlin 

[pC/N] 

dnl 

xlO4  [m/V] 

b 

PZT-8 

3.77 

0.981 

410 

0.14 

1.4 

PZT-4D 

3.72 

0.981 

500 

0.45 

1.5 

PZT-5A 

3.98 

0.996 

565 

4.7 

1.2 

N-21 

3.77 

0.970 

770 

6.8 

1.2 

ED0-5A 

4.22 

1.000 

700 

2.0 

1.1 

PZT-5H 

3.47 

0.982 

775 

6.4 

1.25 

3203HD 

2.89 

0.985 

950 

13 

1.2 

N-10 

2.43 

0.983 

1000 

13 

0.9 
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Captions 


FIG.l: 

FIG. 2: 

FIG. 3: 

FIG. 4: 

FIG. 5: 

FIG. 6: 

FIG. 7: 

FIG. 8: 

FIG. 9: 

FIG.  10: 


AC-field  dependence  of  the  piezoelectric  shear  strain  S5  determined  at  a 

soft  PZT  piezoceramic  (Motorola  3203HD).  Dashed  lines  indicate  the  onset 
of  electrical  depoling  at  E=Elim  and  the  maximum  attainable  strain  Smax, 
respectively. 

Ratio  of  effective  dielectric  and  piezoelectric  coefficients  and  d15  in 
dependence  on  the  amplitude  E/ac^  of  the  ac-field.  Data  are  obtained  at 
PZT-8. 


Shear  strain-polarization  relationship  S5(Pj)  of  the  PZT  piezoceramics 
examined. 

Piezoelectric  coefficient  g15  determined  for  several  PZT  piezoceramics  in 
dependence  on  the  temperature  difference  AT=TC-Tm  with  Tm=295K.  Tc 
is  the  Curie  temperature  of  the  particular  piezoceramic. 

AC-field  dependence  of  a)  -  effective  dielectric  and  b)  -  effective 
piezoelectric  coefficients  of  a  soft  PZT  piezoceramic  (Motorola  3203HD). 
The  coefficients  are  normalized  to  its  small  signal  value  e(0)  and  d(0), 
respectively.  Open  circles  represent  coefficients  measured  parallel  to  the 
poling  direction  (s33  and  d33,  respectively),  full  circles  represent 
coefficients  obtained  perpendicular  to  the  poling  direction  (En  and  d15, 
respectively). 

AC-field  dependence  of  the  field  dependent  part  AEn  and  Ad15  of  effective 
dielectric  and  piezoelectric  coefficients,  respectively,  of  soft  PZT  (Motorola 
3203HD).  The  lines  represent  least  square  fits  according  to  eq.(7)  of  data 
obtained  for  Ej  >  lOOV/cm. 

AC-field  dependence  of  the  effective  piezoelectric  coefficient  d15  obtained 
at  the  soft  PZT  piezoceramics  examined:  1  -  N- 10;  2  -  3203HD;  3-  EDO- 
5A;  4  -  PZT-5H;  5  -  N-21;  6  -  PZT-5A.  The  lines  represent  fits  according 
to  eq.(7)  of  data  measured  for  E1  >  lOOV/cm. 

AC-field  dependence  of  the  effective  piezoelectric  coefficient  d15  of  a  hard 
PZT  piezoceramic  (PZT-4D).  The  lines  represent  fits  according  to  eq.(7) 
of  data  measured  for  Ej  >  lOOOV/cm. 

Nonlinear  piezoelectric  coefficients  dn)  of  the  PZT  piezoceramics  examined 
plotted  versus  the  corresponding  nonlinear  dielectric  coefficients  e^. 

Nonlinear  dielectric  coefficients  of  the  PZT  piezoceramics  examined 
plotted  versus  the  corresponding  linear  dielectric  coefficients  Eiin. 
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Electric  field  induced  phase  transition  of  antiferroelectric  lead  lanthanum 
zirconate  titanate  stannate  ceramics 

Seung-Eek  Park,3*  Ming-Jen  Pan,  Kelley  Markowski,b1  Shoko  Yoshikawa, 
and  L.  Eric  Cross 

Materials  Research  Laboratory ;  The  Pennsylvania  State  University,  University  Park,  Pennsylvania  16802 
(Received  22  April  1997;  accepted  for  publication  6  May  1997) 

The  electric  field  induced  phase  transition  behavior  of  lead  lanthanum  zirconate  titanate  stannate 
(PLZTS)  ceramics  was  investigated.  PLZTS  undergoes  a  tetragonal  antiferroelectric  (AFE^)  to 
rhombohedral  ferroelectric  (FE^)  phase  transition  with  the  application  of  an  electric  field.  The 
volume  increase  associated  with  this  antiferroelectric  (AFE)--ferroelectric  (FE)  phase  transition 
plays  an  important  role  with  respect  to  actuator  applications.  This  volume  increase  involves  an 
increase  in  both  transverse  and  longitudinal  strains.  The  £  field  at  which  the  transverse  strain 
increases  is  accompanied  by  an  abrupt  jump  in  polarization.  The  longitudinal  strain,  however,  lags 
behind  this  polarization  jump  exhibiting  a  slight  decrease  at  the  onset  of  phase  switching.  This 
decoupling  was  related  to  the  preferentially  oriented  AFE  domain  configuration,  with  its  tetragonal 
c-axis  perpendicular  to  the  applied  electric  field.  It  is  suggested  that  phase  switching  involves 
multiple  steps  involving  both  structural  transformation  and  domain  reorientation.  ©  1997 
American  Institute  of  Physics.  [S002 1 -8979(97)020 16-1] 


I.  INTRODUCTION 

Antiferroelectric  (AFE)  lead  lanthanum  zirconate  titan¬ 
ate  stannate  (PLZTS)  switches  to  a  ferroelectric  (FE)  phase 
with  the  application  of  an  electric  field  (£  field).1  This  phase 
switching  is  accompanied  by  a  large  volume  expansion, 
therefore,  this  material  has  been  investigated  for  various  ac¬ 
tuator  applications.2"4  This  volume  expansion  is  due  to  a 
structural  change,  that  is,  change  in  unit  cell  parameters.1*5,6 
Although  the  evidence  has  been  suggested  of  incommensu¬ 
rate  modulation  in  the  PLZTS  structure,7"9  it  is  believed  that 
the  strain  caused  by  phase  switching  is  primarily  based  on 
the  change  in  the  primitive  perovskite  cell. 1,5,6,10  The  ability 
to  tailor  the  phase  transition  behavior  and  associated  proper¬ 
ties  such  as  switching  field  (E^ : AFE  to  FE  switching 
field,  £fa:FE  to  AFE  switching  field)  and  hysteresis 
(A£  =  £af-£'fa)  through  compositional  modifications.11*12 
is  also  significant  for  practical  applications. 

The  composition  Pba98Lao  02(Zr0  ^Tio.  ioSno.2  J0.995O3 
(PLZTS)  was  chosen  to  characterize  AFE-FE  phase  switch¬ 
ing  behavior.  This  composition  is  located  near  the  boundary 
between  the  tetragonal  AFE  (.AFE!et)  and  rhombohedral  FE 
(FE^)  phases,  as  shown  in  Fig.  I.10  It  is  known  that  the 
AFEej  phase  (with  a  primitive  cell  of  tetragonal  symmetry) 
switches  to  a  FE^  phase  on  the  application  of  an  £  field.5*6 
Primitive  perovskite  cell  parameters  of  both  AFE  and  FE 
phases  of  PLZTS  have  been  reported  as  presented  in  Table  I. 
The  primitive  cell  of  the  AFE  phase  has  a  cl  a  ratio  less  than 
1.  Note  that  aRh  of  the  FE  phase  is  larger  than  cTet  although 
it  is  smaller  than  aTcl  of  the  AFE  phase.  This  implies  that, 
when  £-field  is  in  c -direction,  a  PLZTS  single  crystal  should 
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show  increased  strain  along  the  applied  £-field  direction 
(longitudinal  strain)  whereas  the  strain  along  the  direction 
normal  to  the  £  field  (transverse  strain)  should  decrease  dur¬ 
ing  phase  switching.  The  overall  volume  increases  because 
the  ratio  of  a^/cj^  is  larger  than  the  ratio  of  aTtt/aKh, 
In  polycrystalline  ceramics,  however,  a  more  complicated 
situation  is  expected  due  to  randomly  oriented  grains. 
Although  the  overall  stress  can  be  compensated  by 
randomly  oriented  grains,  each  grain  containing  AFE/FE 
domains  experiences  different  expansion/contraction, 
depending  on  the  orientation  of  adjacent  domains.  In  spite  of 
several  reports5"9  on  the  structure  of  PLZTS  ceramics, 
few  studies  on  the  behavior  of  longitudinal/transverse/ 
volume  strains  associated  with  phase  switching  have 
been  reported,  especially  from  the  view  point  of  structural 
change.  The  AFE-FE  transition  includes  not  only  the  struc¬ 
tural  phase  transformation  but  also  the  couplings  among  do¬ 
mains,  resulting  in  complicated  phenomenological  interac¬ 
tions  during  this  transformation.  The  first  pioneering 
observations  on  the  £-field  induced  strain  behavior  for  AFE 
materials,1,10  and  additional  observations13  involving  the  dis¬ 
continuity  of  £- field  induced  strains  during  this  AFE-FE 
phase  transition  suggest  a  two  stage  model  for  the  phase 
transformation. 

It  is  the  objective  of  this  study  to  investigate  and  under¬ 
stand  the  behavior  of  AFE  domains  and  polariza¬ 
tion^) /strain  associated  with  £-field  induced  phase  switch¬ 
ing.  These  behaviors  include  preferentially  oriented  AFE  do¬ 
mains,  change  in  sample  dimensions,  polarization,  and 
longitudinal/transverse/volume  strain  associated  with  phase 
switching.  Hereafter,  the  structural  transition  will  be  dis¬ 
cussed  on  the  basis  of  the  change  in  the  primitive  perovskite 
cell,  to  which  the  strain  caused  by  the  applied  E-field  in¬ 
duced  phase  transition  is  primarily  attributed.  A  possible 
switching  mechanism  based  on  this  work  will  be  discussed. 
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Pb(Zr0  5Ti0  5)05 


Pb(Zf0  jSrvj  j)03  0.6  0.7  0  8  0.9  PbZrOj 

FIG.  1.  Ternary  phase  diagram  for  the  system  Pb0  9,Lao  ^(Zr.Ti.SnXDj 
(Ref.  10). 

II.  EXPERIMENTAL  PROCEDURE 

A.  Sample  preparation 

Polycrystalline  ceramic  materials  investigated  in  this 
study  were  prepared  by  solid  state  reaction  using  the  follow¬ 
ing  reagent  grade  raw  materials:  lead  carbonate 
[2PbC03-Pb(0H)2]  (Hammond  Lead  Products,  Inc.,  Ham¬ 
mond,  IN),  lanthanum  oxide  (La203,  Alpha  Products  Co., 
Danvers.  MA).  zirconium  dioxide  (ZrO:.  Harshaw  Chemical 
Co.,  Cleveland  OH),  titanium  dioxide  (Ti02,  Whitaker, 
Clark  and  Daniels  Co.,  Plainfield.  NJ),  and  tin  oxide 
(Sn02,  Alpha.  Ward  Hill,  MA).  The  chemical  purity  of  each 
was  greater  than  99%.  The  sintering  process  was  carried  out 
in  a  lead  rich  environment  in  order  to  minimize  lead  volatil¬ 
ization.  After  sintering  the  samples  experienced  about  2% 
weight  loss.  The  samples  were  pale  yellow  after  sintering 
and  remained  this  color  throughout  processing.  After  sinter¬ 
ing  the  samples  were  97%  dense  and  the  average  grain  size, 
observed  using  scanning  electron  microscopy  (SEM),  was 
4-5  pm.  Disk  samples  (with  diameter  1 1  mm  and  thickness 
0.3  mm)  were  then  prepared  by  polishing  with  silicon  car¬ 
bide  and  alumina  polishing  powders  to  achieve  flat  and  par¬ 
allel  surfaces  onto  which  gold  was  sputtered  as  an  electrode. 


B.  Phase  and  microstructure 

Calcined  and  sintered  powders  were  examined  by  x-ray 
diffraction  (XRD)  to  insure  phase  purity  and  to  identify  the 
crystal  structure.  Typically  the  samples  showed  a  single  te¬ 
tragonal  structure  within  ,the  detection  limit  of  XRD 
(<2%).  Powder  XRD  was  obtained  by  scanning  a  26  range 
of  20°-80°  with  0.01°  step  and  a  count  time  of  3  s. 


FIG.  2.  XRD  patterns  of  PLZTS  when  £«0  kV/cm.  (a)  as-sintered  sample 
and  (b)  £-field  exposed  sample. 

C.  Polarization  and  strain 

High-field  measurements  included  polarization  and 
strain  hysteresis  using  a  computer-controlled  Sawyer  Tower 
circuit  and  a  linear  variable  displacement  transducer  (LVDT) 
sensor  driven  by  a  lock-in  amplifier  (Stanford  Research  Sys¬ 
tems,  Model  SR830).  The  voltage  was  supplied  using  a  Trek 
609C-6  high  voltage  dc  amplifier.  Through  the  LVDT  sensor 
the  strain  of  the  samples  can  be  measured  with  the  applica¬ 
tion  of  an  applied  field.  Electric  fields  as  high  as 
—  80  kV/cm  were  applied  using  a  0.2  Hz  amplified  sine  wave 
form  and  0.05  Hz  quarter  sine  wave  form  for  better  resolu¬ 
tion. 

111.  RESULTS  AND  DISCUSSION 
A-  Preferred  orientation  of  AFE  domains 

Figure  2(a)  shows  the  XRD  partem  of  an  as-sintered 
sample.  No  superlattice  reflections  associated  with  multicell 
or  an  incommensurately  modulated  structure  were  detected 
in  the  XRD  pattern.  This  is  attributed  to  the  low  intensity  of 
superlattice  peaks,  indicating  that  the  supercell  has  large 
modulation  wavelength.9  All  diffraction  peaks  in  Fig.  2(a) 
could  be  fined  to  a  single  tetragonal  phase  with  cell  param¬ 
eters  of  a  =  4. 118  A  and  c-  4.090  A.  The  P  vs  E  curve  in 
Fig.  3  shows  AFEjet  to  FE^  transition  at  37  kV/cm  with 
abrupt  increase  of  polarization.  The  reverse  transition  into 
AFETet  occurred  at  8  kV/cm  with  an  associated  decrease  in 
the  E  field.  Figure  2(b)  shows  XRD  patterns  of  an  AFE 
sample  where  the  E  field  is  removed  after  sample  experi¬ 
enced  the  E  field  (50  kV/cm)  induced  transition.  Although 
ail  peaks  could  be  indexed  as  a  tetragonal  phase,  a  difference 
between  the  diffraction  patterns  of  the  virgin  sample  and  that 
of  the  £-field  exposed  sample  could  be  observed  through 
changes  in  both  peak  intensity  and  width.  Figure  4  shows 


TABLE  I.  Parameters  of  primitive  unit  cell  for  AFE  and  FE  phases. 


AFE  tetragonal 

FE  rtiombohedral 

Composition 

flT«(A) 

ct-i(A) 

«m(A) 

®R)i 

Ref 

971-^002(^0 1 1  Sno^)03 

4.119 

4.095 

4.118 

89.8* 

5 

Pbo  97La002(Zr0  53*1*10  jjSno  jz)03 

4.107 

4.081 

4.105 

89  85° 

6 
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FIG.  3.  Polarization  vs  £-fieid  curves  of  PLZTS. 

{200}  peaks  of  both  a  virgin  sample  [Fig.  4(a)]  and  an 
E-field  exposed  sample  [Fig.  4(b)]  at  £=0  kV/cm.  De¬ 
creased  intensity  of  the  (002)  peak  can  be  found  in  Fig.  4(b) 
associated  with  increased  peak  width,  resulting  in  unclear 
as  contributions  [as  contributions  were  quite  distinct  for 
virgin  samples  as  shown  in  Fig.  4(a)],  The  {110}  peaks  in 
Fig.  5  show  the  same  change  in  intensity,  that  is,  decreased 
intensity  of  the  peak  attributed  to  (101)  and  (Oil)  reflections. 
The  peak  broadening  for  the  sample,  after  experiencing  the 
phase  transition,  can  be  observed  more  cleariy  through 
analysis  of  the  {ill}  peak  in  Fig.  6.  Note  that  tetragonal 
symmetry  does  not  cause  the  {111}  peak  :o  split.  The  virgin 
sample  showed  a  sharp  single  {111}  peak  with  a  distinct  a2 
contribution  [Fig.  cia)]  whereas  the  £-neid  exposed  sample 
shows  peak  broadening,  resulting  in  unclear  a2  contribution 
[Fig.  6(b)].  These  XRD  results  imply  mat  AFE  domains, 
which  had  random  orientation  before  £-fleld  exposure,  are 
preferentially  oriented  after  experiencing  the  £-field  induced 
phase  transition.  With  respect  to  the  grains  which  connibute 
to  the  intensity  of  {200}  or  {110}  peaks  in  a  polvcrystalline 
samples,  a  schematic  diagram  of  this  preferred  domain  ori¬ 
entation  is  suggested  in  Fig.  7.  It  is  obvious  that  the  c  axis  of 
each  domain  has  a  tendency  to  orient  normal  to  £-field  di¬ 
rection  (parailel  :o  the  sample  surface)  after  £-field  expo¬ 
sure.  This  preferred  orientation  of  AFE  domains  results  not 
oniv  in  an  intensity  change  but  also  the  change  in  sample 


FIG.  5.  (1101  peaks  in  XRD  panems  of  PLZTS  when  £=0  kV/cm,  (a) 
as-sintered  sample  and  (b)  £-field  exposed  sample  (a,  contributions  are 
eliminated). 

dimensions,  as  report  by  Beriincoun  ex  aL10  The  cl  a  is  less 
than  1  for  AFE  tetragonal  primitive  ceils  and.  consequently, 
this  preferred  domain  configuration  must  result  in  the  sample 
increase  in  size  along  longitudinal  direction.  This  also  indi¬ 
cares  the  converse,  i.e.t  the  sample  decrease  in  size  along  the 
transverse  direction.  An  increased  dielectric  constant  after 
£-neld  exposure  (840  and  1050  before  and  after  £-field  ex¬ 
posure  at  I  kHz.  respectively)  might  be  related  to  this  pre¬ 
ferred  .APE  domain  orientation.11 

Peak  broadening  in  Figs.  4-6  is  possibly  due  to  nonuni¬ 
form  strains  in  the  lattice  caused  by  preferred  orientation.  As 
a  resuit  of  the  incompaubility  among  preferentially  oriented 
grains,  complex  strain  distribution  and  resulting  compensa¬ 
tions  are  expected  to  exist  in  the  sampie.  .An  elastically  fro¬ 
zen  state  coupied  with  lattice  distortions  were  suggested  as 
the  origin  of  preferred  AFE  domain  orientation.1114  Al¬ 
though  it  may  explain  the  peak  broadening  caused  by  non- 
uniform  strain  as  a  result  of  preferred  orientation,  however, 
this  elastic  point  of  view  cannot  explain  the  origin  of 
preferred  AFE  domain  configuration.  A  recent  report15 
focused  on  die  increased  incommensurate  superiattice  peak 


FIG.  4.  (200}  peaks  in  XRD  patterns  of  PLZTS  when  £  =  0  kV/cm.  (a) 
Is-sintered  sampie  ana  ib)  £-fieid  exposed  sample. 


20 


FIG.  6.  {Ill}  peaks  in  XRD  patterns  of  PLZTS  when  £  =  0  kV/cm.  (a) 
as-sintered  sampie  and  (b)  £- field  exposed  sample. 
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RG.  7.  Schematic  of  preferentially  oriented  AFE  domains  after  £-field 
exposure. 

caused  by  preferred  AFE  domain  orientation  with 
Pbo98Laoo2(Zro.95Tio.o5)o.99503  indicates  that  the  preferred 
orientation  of  the  AFE  domain  is  strongly  connected  with 
incommensuration  associated  with  a  disrupted  oxygen 
framework.  This  origin  is  subject  to  more  study  from  a  crys¬ 
tallographic  point  of  view  in  the  future. 

B.  Strain  behavior  associated  with  £-field  induced 
AFE-FE  transition 

Figure  8  shows  the  strain  behavior  during  the  £-field 
induced  AFE-FE  transition  using  a  0.2  Hz  sine  wave  input 
signal.  At  a  switching  field  of  37  kV/cm.  0.2%  longitudinal 
strain  and  0.3%  volume  strain  were  achieved.  It  was  noted 
that  there  is  a  decoupling  between  polarization  and  longitu¬ 
dinal  strain,  i.e..  longitudinal  and  volume  strains  continue  to 
significantly  increase  even  after  polarization  saturates. 
Similar  observations  have  been  made  in  other  works.  An 
incommensuratelv  modulated  polar  structure  is  suggested  as 
a  possible  explanation  for  this  behavior  because  the  symme¬ 
try  of  the  FE  phase  may  continue  to  be  orthorhombic  if  the 
incommensurate  modulation  remains  during  phase  transition. 
Although  the  overall  symmetry  can  appear  orthorhombic  due 


Electric  Field  (kV/cm) 


FIG.  8.  Longirudinal/tnmsvcrse/volume  strain  as  a  function  of  E  6eld 
(0.2  Hz). 


to  the  incommensurate  modulation,  longitudinal  strain 
caused  by  the  change  in  unit  cell  parameter  (tetragonal 
<=»rhombohedral)  may  not  be  compensated  only  by  incom¬ 
mensurate  modulation.  Specifically,  over  0.5%  of  volume 
change  associated  with  phase  transition  was  expected  in  pre¬ 
vious  studies.5'6  Therefore,  phase  switching  behavior  can  be 
neither  investigated  nor  understood  sufficiently  through  the 
consideration  of  longitudinal  strain  behavior  alone.  Pan 
era/.17  experimentally  suggested  that  commensurate  AFE 
PLZTS  should  also  show  this  type  of  decoupling,  supporting 
that  incommensurate  modulation  is  not  an  origin  to  explain 
the  decoupling  behavior. 

Figure  9  shows  the  polarization  and  longitudinal/ 
transverse  strain  as  a  function  of  the  £  field  using  one  quarter 
of  a  sine  wave  (0.05  Hz)  as  the  input  signal,  for  better  reso¬ 
lution.  It  is  found  in  Fig.  9(b)  that  the  transverse  strain  in¬ 
creases  abruptly  at  the  same  £  field  where  polarization 
shows  an  abrupt  jump.  The  fact  that  transverse  strain  does 
not  show  decoupling  between  polarization  and  strain  is  con¬ 
sistent  with  the  general  electromechanical  coupling  behavior. 
Therefore,  in  the  case  of  transverse  strain,  it  is  not  necessary 
to  emplov  a  new  explanation.  On  the  other  hand,  as  shown  in 
Fig.  9(a).  longitudinal  strain  lags  behind  the  polarization 
jump  during  phase  switching.  In  spite  of  the  abrupt  increase 


HO.  9.  (a)  Polarization  and  longitudinal  stnun.  (b)  potarizauon  and  transverse  stra,n  as  a  funcuon  of  £  field  using  quarter  sine  wave  (0.05  Hz)  as  an  input 
signal. 


J.  Appl.  Phys.,  Vol.  82,  No.  4,  15  August  1997 


Par*  at  at. 


1801 


Oriented  AFE 


(Field-Exposed) 


Piezoelectric  Effect 


Poled  FE 


FIG.  10.  Schematic  diagram  of  AFE-FE  phase  switching  procedure. 


in  polarization,  longitudinal  strain  showed  a  small  decrease 
at  the  starting  point  of  phase  switching  [marked  by  a  circle  in 
Fig.  9(a)].  Decoupling  is  observed  only  with  longitudinal 
strain. 

C.  Phase  switching  sequence 

Though  a  combination  of  strain  behaviors  and  preferred 
orientation  of  AFE  domains  discussed  in  previous  sections,  it 
is  possible  to  construct  an  AFE-FE  switching  sequence  as 
shown  in  Fig.  10.  A  step-by  step  sequence  is  presented  as 
follows: 


(i)  Random  AFE  to  oriented  AFE  after  field  exposure 
(oriented  AFE):  A  virgin  sample  with  randomly  oriented 
AFE  domains  [Fig.  10(a)]  becomes  preferentially  oriented 
AFE  with  its  c  axes  perpendicular  to  the  field  direction  [Fig. 
10(b)]  after  E-field  exposure.  At  this  state,  increased  size 
along  longitudinal  direction  is  observed  because  c/a<  1  The 
size  subsequently  decreases  along  the  transverse  direction. 
Once  the  sample  is  exposed  to  an  E  field  large  enough  to 
induce  the  AFE-FE  transition,  it  does  not  return  to  the  virgin 
state,  unless  it  is  heated  above  its  paraelectric  temperature 
range. 


FIG.  11.  Strain  vs  square  of  the  polarization  curves  for  (a)  longitudinal  strain  and  (b)  transverse  strain. 
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(ii)  Oriented  AFE  to  oriented  FE.  at  the  switching  field: 
When  an  £  field  is  applied  AFE  cells  become  FE  with  their 
polarization  directions  trying  to  align  along  the  E-field  direc¬ 
tion  in  order  to  minimize  free  energy  [Fig.  10(c)].  A  sudden 
increase  of  polarization  is  expected  due  to  the  switching  of 
the  antipolar  state  to  a  polar  state.  However,  perfect  align¬ 
ment  of  polarization  vectors  may  not  be  achieved  at  this 
point,  due  to  factors  such  as  stresses  induced  by  volume 
expansion.  When  an  AFE  tetragonal  primitive  cell  switches 
to  rhombohedral  FE  with  c-axis  expansion,  it  is  associated 
with  a  slight  decrease  in  the  a  axis  as  referred  to  in  the 
Introduction.  As  the  c  axes  of  most  unit  cells  are  perpendicu¬ 
lar  to  the  £  field  prior  to  the  phase  switching,  there  is  a  slight 
decrease  in  the  longitudinal  dimension  and  a  large  increase 
in  the  transverse  direction  in  comparison  to  an  £-field  ex¬ 
posed  sample  [dashed  line  in  Fig.  10(c)].  This  is  consistent 
with  the  observations  in  Fig.  9  and  has  been  confirmed  by 
statistical  calculation.18 

(iii)  Oriented  FE  to  poled  FE  at  an  applied  £  field  larger 
than  the  switching  field:  With  further  application  of  the  £ 
field,  some  FE  domains  will  try  to  align  more  closely  to  the 
£-field  direction  through  109°  domain  reorientation  [Fig. 
10(d)].  At  this  stage,  polarization  continues  to  increase.  With 
the  alignment  of  the  domains  and  increase  in  polarization, 
the  ceramic  exhibits  an  increase  in  longitudinal  strain.  This 
dimensional  increase  falls  behind  the  polarization  increase 
caused  by  the  AFE-FE  transition. 

(iv)  Piezoelectric  region:  If  an  even  higher  £  field  is 
applied,  the  longitudinal  strain  continues  to  increase  whereas 
transverse  strain  begins  to  decrease  as  a  result  of  the  piezo¬ 
electric  effect  (d31)  as  shown  in  a  previous  report15  [Fig. 
10(e)]. 

(v)  When  the  £  field  is  removed,  the  FE  phase  returns  to 
an  oriented  .AFE  state  [Fig.  10(0].  If  the  ceramic  is  heated  to 
temperatures  significantly  above  its  AFE-paraelectric  transi¬ 
tion  temperature  (£„**),  it  recovers  the  random  AFE  state 
corresponding  to  the  virgin  sample. 

E-field  induced  AFE-FE  transition  behavior  appears  to 
be  time  dependent  because  the  associated  stress  caused  by 
abrupt  and  large  change  in  electrical/elastic  state  should  be 
compensated  for.  In  other  words,  if  a  very  low  frequency 
input  signal  is  employed,  the  lag  of  longitudinal  strain  will 
not  be  observed.  However,  complete  coupling  between  lon¬ 
gitudinal  strain  and  polarization  was  not  observed  even  when 
the  longest  period  the  equipment  was  capable  of  producing 
was  measured  (100  s).  The  change  in  phase  transition  behav¬ 
ior  with  respect  to  the  frequency  of  the  input  signal  will  be 
studied  in  the  future.  It  also  seems  that  nonuniform  internal 
stress  caused  by  a  preferentially  oriented  AFE  domain  state 
plays  a  role  in  several  steps  during  the  phase  transition. 
These  steps  are  more  obvious  if  strain  is  plotted  as  a  function 
of  the  square  of  the  polarization  as  shown  in  Fig.  11.  In  the 
case  of  transverse  strain  [Fig.  11(b)],  the  strain  is  dependent 
upon  the  square  of  polarization  with  a  varied  slope.  In  Fig. 
11(a)  the  longitudinal  strain  shows  a  negative  slope  [Fig. 
11(a)],  indicating  that  strain  decreases  with  increased  polar¬ 


ization.  It  should  be  noted  that  the  increase  in  transverse 
strain  is  primarily  associated  with  volume  increase  at  the 
starting  point  of  the  transition  and  the  polarization/strain  can 
apparently  deviate  from  electrostrictive  phenomenology. 
(X-QP1,  .r:strain.  £?: electrostrictive  coefficient,  P :  polar¬ 
ization).  Based  on  this  understanding,  steps  during  the 
AFE-FE  transition  discussed  above  are  suggested  in  Fig. 
11(a). 

IV.  CONCLUSION 

AFE  domain  and  strain  behavior  of  PLZTS  ceramics,  as 
a  function  of  applied  £  field,  were  investigated  using  XRD 
and  polarization/strain  versus  E-field  curves.  AFE  samples 
which  were  exposed  to  an  E  field  inducing  an  AFE-FE  tran¬ 
sition  showed  preferred  orientation  of  domains,  where  the  c 
axis  is  perpendicular  to  the  E-field  direction,  which  results  in 
both  decreased  intensities  of  (001)  peaks  and  increased  peak 
width  caused  by  nonuniform  strain.  Transverse  strain  in¬ 
creased  abruptly  at  the  E  field  where  polarization  shows  a 
sudden  increase,  whereas  longitudinal  strain  lags  behind  the 
polarization  jump  with  a  slight  decrease  at  the  initiation  of 
phase  switching.  It  is  found  that  phase  switching  involves 
more  than  one  domain  reorientation  step. 
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ABSTRACT 


Electric  field  induced  antiferroelectric  (AFE)  to  ferroelectric  (FE)  phase  transformations  are  accompanied 
by  large  strain  and  significant  hysteresis.  The  properties  of  these  materials  can  be  tailored  to  fit  specific 
applications  such  as  high  strain  actuators  and  charge  capacitors.  As  an  attempt  to  reduce  hysteresis, 
Barium  and  Strontium  A-site  substitution  of  the  phase  transformation  behavior  of  (Pbo.98-5Lao.02A5) 
(ZrxSnyTiz)03  (A=Ba,  Sr)  ceramics  have  been  investigated.  The  ceramic  samples  in  this  study  produced 
0.2%  to  0.3%  strain  level.  Barium  proved  to  be  a  strong  FE  stabilizer  with  decreasing  both  switching 
field  and  hysteresis,  while  Strontium  proved  to  be  a  strong  AFE  stabilizer.  Some  practical  data, 
including  temperature  stability  and  current  requirements,  are  also  to  be  discussed. 

Keywords:  lead  zirconate  stannate  titanate  ceramics,  antiferroelectric-to-ferroelectric  phase  switching 
ceramics,  field  induced  strain,  field  induced  polarization 


1.  INTRODUCTION 


Lead  zirconate  (PbZr03)  and  lead  titanate  (PbTi03)  form  a  complete  solid-solution  series  (lead  zirconate 
titanate,  or  PZT)  of  great  technological  importance.  It  is  used  in  various  ZrTi  ratios  and  with  numerous 
dopants  to  manufacture  a  vast  array  of  electronic  and  electromechanical  devices. 

The  effects  of  pressure-enforced  ferroelectric  (FE)  to  antiferroelectric  (AFE)  in  modified  PbZr03  was 
originally  studied  by  Berlincourt  et  al.  for  an  application  of  shock-actuated  power  supplies1^.  The 
relatively  recent  work  on  the  same  ceramics  are  published  from  Sandia  National  Laboratories^’4. 

Triaxial  phase  diagram  introducing  lead  stannate  (PbSn03)  for  both  Niobium  (Nb)  and  Lanthanum  (La) 
doped  system  have  been  developed  from  the  large  amount  of  compositional  study  pursued  at  Clevite 

Corporation1^  in  1960s. 
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Our  interest  in  these  families  of  materials  lies  in  their  ability  to  produce  large  strain  at  the  electric  (E)-field 
induced  tetragonal  AFE  (AFEj)  to  rhombohedral  FE  transformation  (FEr)5*6.  Depending  on  the 
compositional  adjustments,  the  materials  can  exhibit  shape  memory  effect  as  described  by  Uchino,  et  al.7. 

Our  compositions,  unlike  the  above  example  of  FE-to-AFE  transformation  to  release  energy  upon 
application  of  pressure,  start  from  AFEj  phase  and  switches  to  FE  phase  upon  application  of  E-field.  For 
actuator  application,  it  is,  therefore,  important  to  optimize  the  compositions  to  exhibit  following 
characteristics: 

1.  Larger  strain,  thus  larger  displacement, 

2.  Lower  hysteresis,  thus  less  heat  generation,  and 

3.  Lower  switching  field,  thus  less  E-field  requirement. 

We  have  shown  previously**^  that  the  B-site  compositional  modification  controls  switching  field,  though 
hysteresis  behavior  has  litde  influence. 

The  objective  in  this  study,  therefore,  is  to  attempt  to  produce  compositions  with  less  hysteresis  without 
sacrificing  too  much  strain  while  maintaining  relatively  low  switching  E-field.  A-site  modifications  were 
accomplished  by  the  addition  of  Ba  and  Sr. 


2.  EXPERIMENTAL  PROCEDURE 


2.1  Sample  preparation 


The  five  compositions  described  as  A,  Al,  A2,  B,  and  C  in  Table  1  were  prepared  according  to  the 
formula.  Figure  1  shows  the  location  of  these  compositions  in  the  PLZST  ternary  phase  diagram. 
Polycrystalline  ceramic  materials  investigated  in  this  study  were  prepared  by  solid  state  reaction,  using  the 
appropriate  amount  of  reagent  grade  raw  materials  of  lead  carbonate  (PbC03),  lanthanum  oxide  (La2C>3), 
zirconium  dioxide  (Zr02),  titanium  dioxide  (TiC>2), anc*  tin  oxide  (Sn02)-  The  chemical  purity  of  each  of 
the  raw  materials  was  greater  than  99%.  Barium  and  strontium  additions  were  made  using  the  appropriate 
amounts  of  strontium  carbonate  (S1CO3)  and  barium  carbonate  (BaCC>3),  respectively.  The  sintering 
process  was  carried  out  in  a  lead  rich  environment  in  order  to  minimize  lead  volatilization.  To  further 
enhance  densification  and  increase  the  electric  field  where  dielectric  breakdown  occurs,  the  sintered 
specimens  were  hot  isostatically  pressed  for  2  hours  at  1200*C  in  an  air  atmosphere  under  a  pressure  of 
20MPa.  Disk  samples  were  then  prepared  by  polishing  with  silicon  carbide  and  alumina  polishing 
powders  to  achieve  a  flat  and  parallel  surface  onto  which  gold  was  sputtered  as  an  electrode. 


Table  1.  PLZT  compositions. 


COMPOSITION 

Comments 

A 

(Pbo.88Lao.02)  (Zro.66Tio.26)0.99503 

0%  Ba,  Zr:Ti:Sn  66:8:26 

'Em 

(Pbo.93Bao.05Lao.02)(Zro.66Tio.08Sno.26)0.99503 

5%Ba,Sr:Ti:Sn  66:8:26 

A2 

(Pbo.88Bao.ioLao.02)(Zro.66Tio.08Sno.26)o.99503 

10%Ba.Zr:Ti:Sn  66:8:26 

B 

(Pb0.93Sr0.05La0.02)(Zro.55Tio.i5Sno.30)o.99503 

5%  Sr,  FE  region  of  phase  diagram 

C 

(Pb0.93Ba0.05La0.02)(Zro.55Tio.l5Sno.30)0.99503 

5%  Ba,  FE  region  of  phase  diagram 

Pb(Zr05Ti05)O3 


Pb(Zro.5Sno.5)03  0  6  <>-7  °-8  °-9  PbZr03 


Figure  1:  PLZST  phase  diagram  and  investigated  compositions. 


2.2  Characterization  techniques 


(a)  Phase  and  microstructure 

Calcined  and  sintered  powders  were  examined  by  x-ray  diffraction  to  insure  phase  purity  and  to  identify 
the  crystal  structure.  Typically,  the  samples  showed  a  single  phase  within  the  detection  limit  of  XRD 
(<  2%). 

(b)  Dielectric  properties 

Multifrequency  meters  (Hewlett  Packard  4274A  and  4275A  LCR  meters)  were  used  in  conjunction  with  a 
computer  controlled  temperature  chamber  (Delta  Design  Inc.,  Model  MK  2300)  to  measure  capacitance  as 
a  function  of  temperature  and  frequency.  Capacitance  was  converted  to  dielectric  permittivity  using  the 
sample  geometry  and  permittivity  of  air.  Measurements  were  taken  from  100  Hz  to  100  kHz  at 
temperatures  from  -150’C  to  250’C. 


(c)  Polarization  and  strain 

High  field  measurements  included  polarization  and  strain  hysteresis  using  a  computer  controlled  modified 
Sawyer  Tower  system  with  a  National  Instruments  Input  Output  card  and  linear  variable  displacement 
transducer  (LVDT)  sensor  driven  by  a  lock  in  amplifier  (Stanford  Research  Systems,  Model  SR830).  The 
voltage  was  supplied  using  a  Trek  609C-6  high  voltage  DC  amplifier.  Through  the  LVDT  sensor  the 
strain  of  the  samples  can  be  measured  with  the  applications  of  an  applied  field.  Electric  fields  as  high  as 
~  lOOkV/cm  were  applied  using  an  amplified  sine  waveform  at  0.2  Hz.  During  testing  the  samples  were 
submerged  in  Fluorinert  (FC-40, 3M),  an  insulating  liquid,  to  prevent  arcing. 


3. 


RESULTS  AND  DISCUSSION 


3.1  A-Site  Modification 


A-site  modifications  were  based  on  tolerance  factor,  which  can  be  described  for  perovskites  with  the 
general  formula  ABX3  by: 

t  =  (RA  +  Rx)/W2)  (Rb  +  Rx) 

where  Ra  =  radius  of  A,  Rb  =  radius  of  B  and  Rx  =  radius  of  X.  Ba2+  (1.48  A)  is  larger  than  Pb2+ 
(1.32A),  and  Sr2+  (1.27 A)  is  smaller  than  Pb2+.  When  t  >  1  the  FE  phase  is  stabilized  when  t  <  1  the 
AFE  phase  is  stabilized10.  For  Pb  based  compounds,  however,  only  trends  need  to  be  considered  because 
of  the  high  polarizability  of  the  Pb.  Both  Ba  and  Sr  were  considered  as  A-site  additions  only  in  this  study. 
Ba  being  a  FE  stabilizer  and  Sr  being  a  AFE  stabilizer  both  potentially  lowering  Tmax  and  subsequently 
suppressing  hysteresis. 

Figure  2  shows  E-field  induced  polarization  (a)  and  strains  (b)  for  compositions  A,  Al,  and  A2.  As 
anticipated,  increased  Ba2+  content  clearly  lowered  switching  field,  and  decreased  hysteresis.  It  is 
important  to  note  that  the  maximum  strain  is  a  function  of  applied  electric  field  after  the  switching.  The 
dielectric  data  is  shown  in  Figure  3.  This  data  showed  a  decrease  Tmax  (associated  with  decreased 
hysteresis),  increased  Kmax  and  increased  Tfe-AFE  (associated  with  decreased  switching  field)  with 
increased  Ba2+  content,  though  Tfe-AFE  is  not  obvious  in  virgin  sample.  This  also  indicates  that  the 
operating  temperature  range  is  narrower  as  Ba2+  content  increased  (to  be  discussed  below). 

Figures  4  to  7  show  the  results  of  compositions  B  and  C.  The  original  location  of  the  composition  is  in 
rhombohedral  ferroelectric  region  (FEr);  therefore,  the  composition  without  Ba  or  Sr  addition  is 
ferroelectric.  As  anticipated  from  Sr  being  AFE  stabilizer,  as  sintered  composition  B  with  5%  Sr  addition 
showed  antiferroelectric,  and  underwent  AFE-to-FE  transformation  upon  application  of  E-field  (Figure  4). 
The  switching  field  was  approximately  50  kV/cm,  and  hysteresis  was  relatively  small. 

On  the  contrary,  the  same  composition  with  Ba2+  addition  instead  of  Sr2+  showed  stable  ferroelectric 
behavior,  as  shown  in  Figure  6.  Dielectric  data  in  Figure  7  showed  a  transition  from  FE  to  PE 
(paraelectric)  without  any  AFE  stable  temperature  range.  It  is  determined  from  the  fact  that  the  cooling  run 
(sample  depoled  by  exposing  temperature  above  Tmax)  showing  higher  dielectric  constant  than  heating  (E- 
field  exposed  sample)  run,  unlike  the  data  in  Figure  5. 


3.2.  Temperature  stability 


Low  field  dielectric  data,  as  discussed  above,  are  important  tools  to  determine  temperature  stability  of  each 
composition  without  actually  measuring  the  strain  in  different  temperature  conditions.  At  very  low 
temperature  all  of  the  compositions  discussed  in  this  study  are  ferroelectric.  There  are  temperature  regions 
in  which  compositions  show  AFE  phase,  which  can  be  transformed  to  FE  by  E-field.  Above  Tmax.  the 
phase  is  PE  so  that  only  electrostrictive  strain  behavior  can  be  observed. 

General  temperature  behavior  of  this  family  of  ceramics  is  shown  in  Figure  8  of  temperature  and  E-field 
phase  diagram.  The  shaded  areas  describe  hysteresis.  As  the  figure  indicates,  it  is  possible  to  decrease 
hysteresis  by  operating  at  a  higher  temperature,  though  strain  level  will  be  reduced. 


(a)  (b) 

Figure  2:  Electrically  induced  polarization  (a)  and  strain  (b)  for  compositions  A,  Al,  and  A2. 


Temperature  (°C) 

Figure  3:  Temperature  dependence  of  dielectric  constant  for  the  compositions  A,  Al,  and  A2;  (cooling) 
virgin  sample. 
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Figure  4:  Electrically  induced  polarization  and  strain  for  composition  B. 
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Temperature  dependence  of  dielectric  constant  for  the  composition  B;  poled  sample,  heating 
first,  then  cooling 
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Figure  6:  Electrically  induced  polarization  and  strain  for  composition  C. 
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Figure  7: 


Temperature  dependence  of  dielectric  constant  for  the  composition  C;  poled  sample,  heating 
first,  then  cooling 


The  above  study  of  A-site  modification  showed  that  it  is  possible  to  decrease  hysteresis  and  switching  field 
at  room  temperature  with,  unfortunately,  narrowing  AFE  temperature  range.  It  is,  therefore,  critical  to 
determine  optimum  composition  based  upon  the  requirements  of  a  specific  application  and  tailor  the 
properties  of  the  phase  change  materials. 


Figure  8:  Temperature-electric  field  phase  diagram.  Shaded  area  indicates  hysteresis. 


3.3.  Current  requirement 


Previous  study^  on  compositional  modification  on  the  B-site  also  showed  high  field  dielectric  constants 
and  loss  by  using  DC  bias  field.  As  sharp  increase  and  decrease  in  polarization  hysteresis  loop  indicate, 
charge  requirement  to  drive  these  ceramics  as  actuators  can  be  quite  high.  Figure  9  shows  the  AC  current 
required  when  one  of  the  samples  undergoes  a  phase  transition  from  AFE-FE  and  subsequent  switching 
back  into  the  AFE  phase  by  increasing  and  decreasing  E-field.  These  measurements  were  completed  at  a 
low  frequency  (0.2  Hz)  and  represent  relatively  low  current  requirements.  The  current  required  at  a  higher 
frequency  would  be  substantially  higher  and  should  be  taken  into  account  when  the  operating  circuit  for 
this  material  is  designed.  Current  is  lost  in  the  time  required  to  complete  a  measurement  cycle  (5  sec  in  this 
case),  which  accounts  for  the  lack  of  symmetry  in  Figure  9. 


Figure  9:  Current  requirements  on  phase  switching  (0.2  Hz). 


4.  CONCLUSIONS 


A-site  compositional  modification  can  be  used  along  with  B-site  Ti:Sn  ratio  changes  to  modify  the 
properties  of  phase  switching  ceramics,  for  example  decreasing  hysteresis.  Sr  additions  have  limited  merit 
alone  because  they  cause  increases  in  the  switching  field  and,  therefore,  increases  in  the  field  necessary  to 
obtain  maximum  strain  levels.  Sr  addition,  however,  suppressed  hysteresis. 

Ba  additions  proved  to  be  a  FE  phase  stabilizer,  lowering  both  the  amount  of  hysteresis  and  the  switching 
field.  It  should  be  noted,  however,  that  these  changes  also  make  the  AFE  temperature  range  smaller.  The 
operation  temperature  and  current  requirement  for  this  family  of  ceramics  were  also  summarized.  Ideally, 
with  respect  to  application,  a  balance  should  be  maintained  between  switching  field,  hysteresis  and 
operating  temperature  range. 
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Abstract 

In  this  study,  we  investigated  the  effects  of  dopants  on  the  antiferroelectric-to-ferroelectric 
(AFE-FE)  phase  transition  behavior  of  lead  lanthanum  stannate  zirconate  titanate  (PLSnZT) 
family  of  ceramics.  In  particular,  the  possibility  to  lower  both  the  switching  field  and 
hysteresis  by  compositional  modification  was  sought.  Based  on  tolerance  factor 
considerations,  barium  (Ba)  and  strontium  (Sr)  were  chosen  as  modifiers  to  stabilize 
ferroelectric  and  antiferroelectric  phases,  respectively.  With  the  right  starting  composition 
and  proper  amount  of  dopant,  we  demonstrated  that  the  properties  of  PLSnZT  can  be 
tailored  to  fit  the  needs  of  specific  applications.  It  was  also  observed  that  the  temperature 
dependence  of  dielectric  constants,  such  as  the  ferroelectric-to-antiferroelectric  transition 
temperature  0^.^)  and  the  temperature  of  the  maximum  dielectric  constant  (TMAX),  is 
strongly  related  to  the  phase  switching  behavior.  The  influence  of  dopants  on  the  operating 
temperature  range  was  also  examined. 

Keywords:  antiferroelectrics,  phase  switching  ceramics,  compositional  modification,  lead 
lanthanum  stannate  zirconate  titanate  (PLSnZT) 
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I.  Introduction 


Lead  lanthanum  stannate  zirconate  titanate  (PLSnZT)  family  of  ceramics  was  first 
investigated  by  Berlincourt  [1]  and  has  been  widely  studied  since  then.  The  ternary  phase 
diagram  is  shown  in  Figure  1.  It  was  established  that  the  antiferroelectric  tetragonal 
(AFEtet)  phase  can  be  readily  switched  to  ferroelectric  rhombohedral  (FErh)  phase  with  the 

application  of  an  electric  field.  This  antiferroelectric-to-ferroelectric  (AFE-FE)  phase 
transition  is  accompanied  by  a  large  volume  strain,  which  is  a  result  of  the  larger  FErh  cell 
as  compared  to  the  AFE[et.  In  particular,  the  high  longitudinal  strain  (in  the  electric  field 
direction)  has  been  of  interest  for  high  performance  actuators  and  transducers.  Previous 
studies  reported  strain  as  high  as  0.85%  [2,3],  although  other  crystallographic  analyses 
based  on  X-ray  diffraction  have  shown  that  0.5%  is  the  maximum  strain  possible  for  an 
ideal  single  crystal  in  this  system  [4,5].  Our  previous  study  [6]  showed  that  0.2%  strain  is 
readily  achieved  at  the  AFE-FE  switching  field  for  polycrystalline  PLSnZT  ceramics. 
Subsequent  increase  in  electric  field  beyond  switching  yields  further  increase  in  strain,  a 
result  of  the  piezoelectric  effect  of  the  FErh  phase. 

For  the  application  of  APE  ceramics,  it  is  desirable  to  have  low  switching  field 
coupled  with  high  strain.  In  particular,  large  hysteresis  is  an  undesirable  characteristic  as 
the  generated  heat  is  difficult  to  dissipate  in  an  encapsulated  environment  during  service. 
Efforts  have  been  made  in  the  past  to  search  for  compositions  with  both  low  switching  field 
and  hysteresis.  [6]  The  effect  of  varying  Zr:Sn  and  Ti:Sn  ratios  near  the  AFEtet-FErh 
morphotropic  phase  boundary  (MPB)  in  the  phase  diagram  (Figure  1)  was  investigated  and 
reported.  It  was  found  that  on  decreasing  the  Ti:Sn  ratio  (top  to  bottom)  along  a  line 
perpendicular  to  the  MPB,  the  switching  field  increased  and  the  hysteresis  remained 
constant.  On  the  other  hand,  increasing  the  Zr:Sn  ratio  (left  to  right)  along  the  MPB  caused 
the  switching  field  to  decrease  and  the  hysteresis  to  increase.  Apparently,  although  one  can 
modify  the  switching  field  and  hysteresis  with  B-site  variation,  it  is  not  possible  to  produce 
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the  desired  decrease  in  both  switching  field  and  hysteresis.  These  variations  at  best  produce 
compositions  with  lowered  switching  field  and  constant  hysteresis  (Ti:Sn  ratio  variation). 

Alternatively,  A-site  modifications  based  on  tolerance  factor  consideration  and 
phase  stability  can  be  used  for  tailoring  PLSnZT  properties.  The  tolerance  factor  (t)  for 
perovskites  can  be  described  with  the  general  formula  AB03  by: 

t_  ra+ro 

V2  (Rb  +  Ro) 


where  RA=  radius  of  A 

Rb=  radius  of  B 

Ro=  radius  of  O. 

In  general,  when  t  >  1  the  FE  phase  is  stabilized  and  when  t  <  1  the  AFE  phase  is 
stabilized. [7]  For  Pb-based  compounds,  however,  only  trends  needed  to  be  considered, 
i.e.,  the  size  of  the  substitute  ions  relative  to  Pb  ions,  because  of  the  high  polarizability  of 
lead  ions.  In  this  study,  barium  (Ba)  and  strontium  (Sr)  were  chosen  for  the  A-site 
modification.  Their  ionic  radii  (valence=2+  and  coordination=12)  are  1.48A  and  1.27A, 
respectively,  comparing  to  1.32A  for  Pb2+.  Therefore,  it  was  suggested  that  both  barium 
and  strontium  can  be  used  to  modify  the  switching  behavior:  Ba  being  a  FE  stabilizer  and 
Sr  being  a  AFE  stabilizer.  [8]  Note  that  both  Ba  and  Sr  were  considered  as  A-site  additions 
due  to  their  valence. 

In  this  study,  the  effect  of  A-site  substitution  on  the  AFE-FE  phase  transition 
behavior  of  PLSnZT  was  investigated.  Specifically,  we  examined  the  possibility  of  "fine- 
tuning"  both  switching  field  and  hysteresis  with  Ba  and  Sr  modifications.  Most  of  the 
compositional  modifications  were  made  adjacent  to  a  well-studied  PLSnZT, 
Pbo.98Lao.o2(Sno.33Zro.55Tio.  12)0.99503  (composition  A),  whose  phase  switching 
behavior  is  shown  in  Figure  2.  Various  combinations  of  starting  composition  and  dopant 
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were  attempted.  Their  electric  field-induced  polarization,  strain,  and  dielectric  properties 
were  characterized  and  the  implications  of  the  results  were  discussed. 

II.  Experimental  Procedure 

One  composition  in  the  AFEtet  region  ((Pb0  98La0  o2)(Sno35Zr0.55Tio  10)0.99503, 
designated  RO)  and  another  in  the  FErh  region  ((Pb0  98Lao  o2)(Sno  27Zro.55Tio .18)0.99503, 
designated  SO)  were  selected  as  the  primary  compositions  for  this  study.  Various  amounts 
of  Ba  and  Sr,  respectively,  were  added  to  these  and  neighboring  compositions.  Note  that 
the  compositions  have  a  Zr  content  (on  B-site)  of  either  55%  or  66%  while  varying  Ti:Sn 
ratio.  This  was  based  on  our  previous  observation  that  constant  Zr  is  correlated  to  constant 
hysteresis.  [6]  In  this  way,  the  effects  of  dopants  on  different  compositions  can  be 
compared  on  the  same  basis.  All  the  compositions  and  their  designations  were  tabulated  in 
Table  I.  Polycrystalline  samples  were  made  by  solid  state  reaction  using  reagent  grade  raw 
powders. 

Calcined  powders  were  examined  by  X-ray  diffraction  (XRD)  to  insure  phase 
purity  and  to  identify  crystal  structure.  Typical  samples  showed  a  single  phase  within  the 
detection  limit  of  XRD.  Ceramic  pellets  were  sintered  at  1300°C  for  6  hours  in  a  lead-rich 
environment  to  suppress  lead  volatilization.  Dimensional  density  and  lead  loss  of  sintered 
samples  were  measured  and  listed  in  Table  II.  Grain  size  of  samples  was  examined  by 
scanning  electron  microscopy  (SEM).  Typical  grain  size  was  between  5  and  8  pm.  Sintered 
pellets  were  ground  and  polished  to  achieve  flat  and  parallel  surfaces  onto  which  gold 
electrodes  were  sputtered. 

The  polarization  and  strain  under  high  electric  field  were  measured  using  an 
integrated,  computer-controlled  system.  Electric  fields  as  high  as  100  lcV/cm  were  applied 
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to  the  sample  using  a  high  voltage  amplified.  All  measurements  were  conducted  at  0.2Hz. 
During  measurement,  samples  were  immersed  in  Fluorinert*,  an  insulating  liquid,  to 
prevent  arcing.  Polarization  induced  by  the  applied  field  was  measured  by  using  a  Sawyer- 
Tower  circuit.  In  the  meantime,  strain  in  the  field  direction  was  monitored  by  a  linear 
variable  displacement  transducer  (LVDT)  driven  by  a  lock-in  amplifier!  LCR  metersv  were 
used  in  conjunction  with  a  computer  controlled  temperature  chamber*  to  measure  sample 
capacitance  as  a  function  of  temperature  and  frequency.  Measurements  were  taken  at  100, 
lk,  10k,  and  100kHz  at  temperatures  from  -100°C  to  200°C. 

III.  Results  and  Discussion 
(1)  Strontium  Modification 

(a)  Constant  (5%)  Sr  Addition  and  Varying  Ti:Sn  Ratios 

As  Strontium  is  an  AFE  stabilizer,  composition  SO  (Zr:Ti:Sn=55: 18:27),  located  in 
the  FEj-h  region  of  the  PLSnZT  phase  diagram,  was  chosen  for  the  modification.  It 
exhibited  the  typical  polarization  and  strain  behaviors  of  ferroelectric  materials,  as 
summarized  in  Table  n. 

Three  compositions  (SI,  S2,  and  S3)  with  varying  Ti:Sn  ratios,  i.e.,  different 
distance  from  the  MPB,  were  modified  with  5%  Sr.  It  has  been  shown  that  varying  Ti:Sn 
ratio  while  maintaining  the  same  Zr  content  does  not  affect  the  hysteresis  of  PLSnZT. [6] 
Their  polarization  and  strain  behaviors  are  shown  in  Figure  3  and  summarized  in  Table  II. 
Since  Sr2*  ion  is  smaller  than  Pb2*  ion  (1.27 A  and  1.32  A  respectively  for 
coordinations  12),  it  increases  the  tolerance  factor  upon  substitution,  and  thus  stabilizes  the 
antiferroelectric  phase.  As  a  result,  compositions  S 1  and  S2  have  become  antiferroelectric, 

■*  Trek  609C-6,  Trek  Incorporated,  Medina,  New  York 
*  Fluorinert™  FC-40,  3M,  St.  Paul,  Minnesota 
1  Model  SR830,  Stanford  Research  Systems, 

¥  Model  4274A  and  4275A,  Hewlett  Packard, 
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although  they  are  located  in  the  FE  region  (Figure  3).  The  strain  at  the  switching  Field  for 
both  SI  and  S2  was  about  0.29c,  which  was  comparable  to  that  of  SO.  The  hysteresis  was 
slightly  reduced  comparing  to  composition  A.  Moving  farther  aw-ay  from  the  morphotropic 
phase  boundary,  the  material  would  become  ferroelectric,  as  in  the  case  of  composition  S3. 

The  addition  of  Sr  produced  a  dramatic  decrease  in  maximum  dielectric  constant 
and  diffuse  dielectric  behavior  as  a  function  of  temperature,  as  shown  in  Figure  4.  This  can 
be  attributed  to  the  smaller  size  of  Sr+  ion,  which  decreases  the  space  where  B-site  cation 
can  "rattle"  and  thus  decreases  polarizability.  Sr  addition  also  slightly  decreased  the  TMAX, 
indicating  further  stabilization  of  the  paraelectric  phase  along  with  the  antiferroelectric 
phase. 

(b)  Varying  Sr  Addition  and  Constant  Ti:Sn  (18:55)  Ratios 

Various  amounts  of  Sr  (5 9c,  8 9c,  and  10%  for  compositions  S4,  S5,  and  S6, 
respectively)  were  added  to  composition  SO  to  further  observe  the  effects  of  varying  Sr 
addition.  The  polarization  and  strain  behaviors  are  shown  in  Figure  5  and  also  summarized 
in  Table  II.  Polarization  data  showed  that  increasing  Sr  content  to  8%  and  10%  resulted  in 
very  narrow  hysteresis  loops,  diffuse  phase  transition,  and  compromised  strain  level.  Note 
that  as  Sr  is  an  antiferroelectric  phase  stabilizer,  the  required  electric  field  for  phase 
switching  increased  with  increasing  Sr  content.  This  makes  Sr  somewhat  cumbersome  to 
be  used  as  a  compositional  modifier.  As  a  result,  property-tailoring  would  require  a  perfect 
combination  of  modifier  quantity  and  starting  composition  on  the  phase  diagram. 

As  mentioned  in  the  previous  section,  the  addition  of  Sr  causes  a  decrease  in 
polarizability  and  dielectric  constant.  This  became  more  obvious  as  more  Sr  was  added  to 
the  system.  As  shown  in  Figure  6,  not  only  did  the  maximum  dielectric  constant  decrease 
dramatically,  but  the  dielectric  behavior  also  became  very  diffuse  as  a  function  of 

*  Model  MK  2300,  Delta  Design  Inc., 
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temperature.  Note  that  TMAX  shifted  to  lower  temperatures  with  increasing  Sr  content.  This 
was  consistent  with  our  previous  study  [6]  on  this  ternary  system  which  had  also  correlated 
Tmax  with  hysteresis. 

A  discrepancy  in  the  hysteresis  loops  of  polarization  and  strain  was  observed.  The 
hysteresis  of  strain  loops  is  apparently  larger  than  that  of  polarization  loops.  The  origin  of 
this  decoupling  of  polarization  and  strain  is  not  known.  Similar  decoupling  behavior, 
however,  has  also  been  observed  elsewhere.  [9,10]  An  attempt  to  explain  the  decoupling 
phenomenon  has  recendy  been  made  [10]  and  will  not  be  elaborated  here.  The  reason  for 
the  observed  decoupling  is  subjected  to  further  study. 

(2)  Barium  Modification 

Composition  R0  (Zr:Ti:Sn=55: 10:35)  located  in  the  AFEtet  region  of  the  PLSnZT 
phase  diagram  was  chosen  for  the  barium  modification.  Additions  of  5%,  10%,  and  12% 
of  Ba  (compositions  Rl,  R2,  and  R3,  respectively)  were  attempted.  Their  polarization  and 
strain  behaviors  are  shown  in  Figure  7.  The  switching  field,  polarization,  and  strain  data 
are  summarized  in  Table  II.  It  was  clear  that  the  addition  of  Ba  induced  a  shift  in  the 
AFEtet-FErh  morphotropic  phase  boundary  towards  composition  R0,  as  shown  by  the 
decrease  in  both  the  switching  field  and  hysteresis.  This  was  consistent  with  the  fact  that 
Ba  is  an  FE  phase  stabilizer.  Increasing  Ba  content  further  reduced  the  switching  field  and 
hysteresis  with  a  small  decrease  in  generated  strain.  Like  Sr  additions,  the  phase  transition 
also  became  more  diffuse. 

One  interesting  result  was  the  behavior  of  composition  R3  (12%  Ba).  Both  the 
polarization  and  strain,  while  maintaining  their  antiferroelectric  characteristic,  showed  a 
relaxor-type  behavior  with  little  hysteresis.  Its  antiferroelectric  characteristics  can  still  be 
seen  in  the  form  of  the  narrow  double-hysteresis  loop.  Nevertheless,  the  strain  is  much 
smaller  than  what  can  be  achieved  in  other  compositions.  The  temperature  dependence  of 
composition  R3  will  be  discussed  later. 
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The  dielectric  data  of  RO,  Rl,  R2,  and  R3  are  shown  in  Figure  8.  The  addition  of 
Ba  obviously  produced  an  increase  in  the  maximum  dielectric  constants.  This  can  be 
described  by  the  tolerance  factor  considerations.  Since  Ba2+  ion  is  larger  than  Pb2+  (1.48  A 
and  1.32A  for  respectively  forcoordination=12),  it  increases  the  space  in  which  the  B-site 
cation  can  "rattle,"  and  thus  the  increase  in  polarizability.  Ba  additions  also  decreased  the 
Tmax,  indicating  stabilization  of  the  paraelectric  phase  along  with  the  antiferroelectric  phase. 
Although  this  decrease  in  TMAX  can  be  correlated  to  the  reduction  in  hysteresis,  it  also 
means  that  the  usable  temperature  range  of  Ba-doped  materials  is  reduced. 

(3)  Comparison  of  Results  in  other  AFE  Region  (Zr=66%  on  B-Site) 

To  check  the  validity  of  the  above  doping  strategy  in  different  regions  of  the  phase 
diagram,  further  modifications  were  made  in  the  vicinity  of  composition  B  (Zr=  66%). 
Specifically,  compositions  R4  and  R5  with  5%  and  10%  barium,  respectively,  which  have 
the  same  distance  to  the  MPB  as  compositions  Rl  and  R2,  which  were  also  5%  and  10%. 
On  the  other  hand,  5%  strontium  was  added  in  composition  S7,  which  also  has  the  same 
distance  to  the  MPB  as  composition  S2.  In  this  way,  the  comparisons  could  be  made  on  the 
same  basis.  As  shown  in  Figure  9  and  Table  II,  both  dopants  have  similar  effects  as  in  the 
previous  region.  Compositions  C2  and  C3  showed  decreased  hysteresis  with  strain  levels 
comparable  to  that  of  composition  B.  Composition  S7,  which  was  modified  with  5%  Sr, 
became  an  "metastable"  antiferroelectric  material.  Coincidentally,  its  counterpart  with 
Zr=55%  also  showed  a  "metastable"  switching  behavior. 

It  was  interesting  to  see  the  effectiveness  of  Ba  and  Sr  in  reducing  hysteresis  in 
these  regions.  Shown  in  Figure  10  is  the  percentage  reduction  of  hysteresis  for  various 
conditions.  Clearly  barium  was  a  better  hysteresis  suppresser  when  added  in  compositions 
with  lower  Zr  content,  i.e.,  away  from  the  PbZrO,  comer  of  the  phase  diagram.  In 
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contrast,  strontium  has  roughly  the  same  effects  in  suppressing  hysteresis  regardless  of  the 
Zr  content. 

(4)  Temperature  Effect 

As  mentioned  earlier,  the  addition  of  Ba  can  be  used  to  tailor  a  material’s  dielectric 
properties.  It,  however,  also  reduces  TMAX  and  stabilizes  ferroelectric  phase.  As  a  result, 
the  temperature  range  under  which  a  composition  can  be  operated  was  also  limited.  To 
illustrate  this  reduction  of  operating  temperature  range,  we  measured  the  electrical  behavior 
of  composition  R3  at  a  different  temperature.  As  shown  in  Figure  11,  it  became 
ferroelectric  at  0°C  and  lost  the  advantageous  narrow  hysteresis.  Thus,  although  R3  had 
excellent  characteristics  at  room  temperature,  it  also  had  an  extremely  narrow  operating 
temperature  range,  which  severely  limit  its  value  as  an  actuator  material.  In  comparison,  the 
addition  of  Sr  reduces  TMAX  but  stabilizes  AFE  phase  and  therefore  the  operating 
temperature  is  less  affected.  Strontium  doping,  however,  increased  the  switching  field, 
which  required  a  starting  FE  composition  deep  into  the  FE  region.  As  a  result,  it  was 
disadvantageous  to  be  used  as  a  modifier. 

IV.  Conclusions 

Based  on  tolerance  factor  considerations,  we  have  successfully  demonstrated  that 
both  Ba  and  Sr  are  effective  dopants  for  reducing  hysteresis  and  controlling  switching 
fields  in  different  regions  of  the  PLSnZT  ternary  phase  diagram.  We  further  exemplified 
the  capability  of  this  system  to  be  tailored  to  fit  specific  applications  through  a  combination 
of  A-  and  B-site  modifications.  Barium  proved  to  be  an  FE  stabilizer,  lowering  both  the 
hysteresis  and  switching  field.  On  the  other  hand,  strontium  was  an  AFE  stabilizer. 
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lowering  the  hysteresis  while  increasing  the  switching  field,  which  made  strontium 
somewhat  cumbersome  to  be  used  as  a  composition  modifier. 

The  ability  to  tailor  materials'  electrical  properties,  however,  does  come  at  the  price 
of  reduced  strain  level.  For  this  reason,  it  is  important  to  make  compositional  modification 
on  starting  compositions  with  high  strain.  In  addition,  the  Ba  and  Sr  modifiers  also  alter  the 
phase  stability  of  materials  at  different  temperatures,  and  thus  limit  the  operating 
temperature  range  of  the  materials.  Therefore,  a  balance  must  be  maintained  among 
switching  field,  hysteresis,  and  operating  temperature  according  to  the  needs  of  specific 
applications. 
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Table  I 


List  of  compositions  and  their  designations 


Designation 

Composition 

A 

Pt>o.98Lao  o:(Sno  33Zro  ssTio  1 2)0  995O3 

B 

Pbo.98Lao  o2(Sno24Zr066Tio.  10)099503 

RO 

Pbo.98Laoo2(Sno35Zro.55Tio  10)0.99503 

R1 

Pbo.93Baoo5Lao.o2(Sno  35Zro  55Tio.io)o  995O3 

R2 

Pbo.88Bao,ioLao  o2(Sno  jsZro  ssTio  10)0  995O3 

R3 

Pbo.86Bao.t2Lao.o2(Sno,35Zro  55^10.10)0  99503 

R4 

Pbo.93Ba0  osLao  02(Sn0  26Zr0.66Tio.08)o  995O3 

R5 

l 

Pbo.93BaoioLao,o2(Sno.26Zro  66^10.08)0.99503 

SO 

Pbo.98Laoo2(Sno.27Zr0.55Tio  1 8)0.99503 

SI 

Pbo.93Sro.o5Laoo2(Sno.28Zro.55Tio.  17)0.99503 

S2 

Pbo.93Sro.05Lao.02(Sno.27Zro.55Tio.i8)o9950  3 

S3 

Pbo.93Sro.o5Lao  o2(Sno.26Zro.55Tio.i9)o  995O3 

S4 

Pbo.93Sro.o5Lao.o2(Sno.27Zro.55Tio.  18)0.99503 

S5 

Pbo.9oSro.o8Laoo2(Sno.27Zro55Tio.  18)0.99503 

S6 

Pbo.88Sro.  ioLaoo2(Sno27Zro55Tio.  18)0.99503 

S7 

Pbo.93Sro.osLao  o2(Sno  26Zro.66Tio.08)o  995O3 
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Table  2 


Summary  of  polarization  and  strain  for  the  compositions  in  this  study 


Electric-Field  Induced  Polarization  and  Strain 

Contents 

At  Switching  Field 

At  Maximum  Applied  Field 

Eaf 

(kV/cm) 

AE=  EArEFA 
(kV/cm) 

PS 

<jiQcrr£) 

S3(%) 

Eapp. 

Papp. 

(jiC/cm2) 

S3  (%) 

Dopant 

Zr 

Content 

D 

28 

22 

30 

0.16 

84 

34 

0.34 

no  Ba 

55% 

B 

37 

25 

32 

0.18 

111 

38 

0.42 

no  Ba 

66% 

RO 

60 

15 

27 

0.19 

73 

32 

0.26 

no  Ba 

55% 

R1 

30 

12.8 

23 

0.18 

89 

31 

0.29 

5%  Ba 

55% 

R2 

14.5 

mm 

20 

0.16 

90 

29 

0.26 

10%  Ba 

55% 

R3 

13 

1.8 

20 

0.08 

68 

27 

0.16 

12%  Ba 

55% 

R4 

39 

24 

24 

0.20 

92 

34 

0.34 

5%  Ba 

66% 

R5 

27 

15 

24 

0.17 

10%  Ba 

66% 

SO 

FE 

13 

1 

1 

l 

l 

I 

61 

35 

0.24 

no  Sr 

55% 

SI 

32 

18 

20 

0.18 

86 

30 

0.27 

5%  Sr 

55% 

S2 

16 

18 

24 

0.17 

78 

32 

0.28 

5%  Sr 

55% 

S3 

FE 

15 

1 

1 

l 

1 

69 

32 

0.24 

5%  Sr 

55% 

S4 

16 

18 

24 

0.17 

72 

32 

0.27 

5%  Sr 

55% 

S5 

42 

8 

22 

0.12 

82 

29 

0.18 

8%  Sr 

55% 

S6 

50 

3 

19 

0.10 

82 

25 

0.16 

10%  Sr 

55% 

S7 

16 

21 

24 

0.19 

61 

34 

0.30 

5%  Sr 

66% 

13 


Pb(Zr05Ti0  5)03 


Figure  1  The  ternary  phase  diagram  of  lead  stannate  zirconate  titanate  (with  2% 
lanthanum)  family  of  ceramics  and  the  compositions  used  in  this  study. 

Note  that  most  compositions  were  doped  with  either  barium  or  strontium,  as 
indicated  in  Table  I. 
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Figure  2  Electric  field-induced  polarization  and  strain  for  composition  A 
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Figure  3  Electric  field-induced  polarization  and  strain  for  compositions  S 1,  S2,  and  S3 
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Figure  4  Dielectric  constant  as  a  function  of  temperature  for  compositions  SO,  SI,  S2,  and  S3 
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Figure  5  Electric  field-induced  polarization  and  strain  for  compositions  S4,  S5,  and  S6 
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Figure  6  Dielectric  constant  as  a  function  of  temperature  for  compositions  SO,  S4,  S5,  and  S6 
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gure  7  Electric  Field-induced  polarization  and  strain  for  compositions  R 1 ,  R2,  R3 
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Figure  8  Dielectric  constant  as  a  function  of  temperature  for  compositions  RO,  Rl,  R2,  and  R3 
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Figure  9  Electric  field-induced  polarization  and  strain  for  compositions  B,  R4,  R5,  and  SI,  all  of 
which  contain  66%  Zr  on  B-site,  comparing  to  55%  in  previous  compositions. 
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5%Ba  1 0%Ba  5%Sr 


Figure  10  A  comparison  of  the  effectiveness  of  dopants  in  reducing  hysteresis  in  two  different 
regions  of  the  phase  diagram. 
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Electric  Field  (kV/cm)  Electric  Field  (kV/cm) 


Figure  1 1  Electric  field-induced  polarization  and  strain  for  composition  R3  at  25°C  and  0°C.  Note 
that  the  material  has  become  ferroelectric  at  0°C. 
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ABSTRACT 

The  quasistatic  electromechanical  and  dielectric  behaviors  of  different  electroactive  actuator  materials  are  investigated  under  the 
simultaneous  influence  of  uniaxial  stress  and  temperature  at  high  driving  field.  An  experimental  setup  capable  of  applying 
9000  newtons  of  uniaxial  force  was  carefully  designed,  based  on  a  precisely  guided  steel  frame.  Extra  caution  was  taken  to 
minimize  the  effects  of  mis-alignment  and  contact  surface  clamping.  The  materials  examined  in  this  study  include  a 
prospective  PLSnZT  antiferroelectric  ceramics  which  is  currently  under  development,  as  well  as  electrostrictive  ceramics, 
namely  PMN-PT  90/10  and  PMN-PT  76/24.  To  assess  the  applicability  of  these  materials  in  real  systems,  multilayer  stacks 
were  assembled  and  their  response  to  stress  and  temperature  was  examined.  The  overall  strain  of  the  PLSnZT  composition 
showed  increases  with  increasing  uniaxial  stress.  This  might  be  the  result  of  re-orientation  of  antiferroelectric  domains  under 
pre-stress.  It  also  showed  excellent  stability  in  strain  over  the  temperature  range  20  to  75°C  under  stress  as  high  as  100  MPa. 
In  contrast,  the  electrostrictive  ceramics  are  less  dependent  on  stress  than  antiferroelectrics  but  more  susceptible  to  temperature 
changes. 

Keywords:  actuators,  phase  switching  ceramics,  antiferroelectrics,  electrostrictive  ceramics,  lead  magnesium  niobate,  pre¬ 
stress,  temperature  effect 


1.  INTRODUCTION 

Ceramic  actuators  offer  many  characteristics  that  are  attractive  to  smart  structures  applications,  such  as  large  generative  force, 
fast  response,  low  power  consumption,  and  high  volume  efficiency.  They  are  often  used  under  large  mechanical  load  or  placed 
in  pre-stressed  conditions  to  maintain  their  integrity  during  service.  In  addition,  actuators  are  often  used  in  encapsulated 
environment  where  heat  dissipation  might  cause  local  temperature  increase.  As  a  result,  there  has  been  a  lot  of  interest  in 
studying  actuator  response  under  pre-stress  and  temperature.  Previous  studies  mostly  have  focused  on  the  piezoelectric 
properties  of  various  ferroelectrics.M  In  this  study,  we  investigated  two  types  of  non-piezoelectric  ceramics,  namely 
electrostrictive  and  phase  switching  ceramics.  Unlike  piezoelectric  materials  which  only  involve  ferroelectric  domain 
reorientation,  antiferroelectric  materials  also  undergo  a  phase  transition  and  change  in  unit  cell  dimensions.  In  contrast,  lead 
magnesium  niobate-lead  titanate  (PMN-PT)  relaxors  do  not  have  ferroelectric  domains  before  the  application  of  an  electric 
field. 

Electrostrictive  PMN-PT  ceramics  belong  to  a  class  of  relaxor  ferroelectrics  which  exhibit  no  macroscopic  polarization. 
Upon  the  application  of  an  electric  field,  dimensional  change  which  is  proportional  to  the  square  of  the  field-induced 
polarization  can  be  observed.  Because  of  the  little  hysteresis  it  exhibits  and  consequently  little  heat  generation  and  excellent 
position  repeatability,  PMN-PT  is  attractive  for  precision  submicron  control.  The  most  common  composition  is  90%  PMN- 
10%  PT  (90-10)  for  room  temperature  applications.  Also,  a  composition  with  higher  PT  content  (76-24)  and  thus  higher 
field-induced  ferroelectricity  has  been  identified  for  use  at  85°C.5  The  dielectric  constant  versus  temperature  data  for  these  two 
materials  are  plotted  in  Figure  1. 
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The  lead  lanthanum  stannate  zirconate  titanate  (PLSnZT)  system  (Figure  2)  has  been  widely  studied  for  actuator  applications 
due  to  its  potential  of  producing  high  strain.  In  this  family  of  ceramics,  the  antiferroelectric  tetragonal  (AFEl0l)  phase  can  be 
readily  switched  to  its  neighboring  ferroelectric  rhombohedral  (FE^)  phase  with  the  application  of  an  electric  Field.  This  phase 
transition  is  accompanied  by  a  large  change  in  volume  associated  with  high  longitudinal  strain  (in  the  field  direction). 
Crystallographic  analyses  based  on  X-ray  diffraction  have  shown  that  0.5%  is  the  maximum  strain  possible  for  an  ideal  single 


Figure  2  PLSnZT  ternary  phase  diagram 


crystal  in  this  system.67  For  polycrystalline  samples,  a  strain  of  0.2%  can  be  readily  achievable  at  the  antiferroelectric-to- 
ferroelectric  (AFE-FE)  switching  field.8  This  study  investigates  the  influence  of  pre-stress  and  temperature  on  the  AFE-FE 
phase  switching.  A  composition  in  the  AFE^  region,  (Pba98La002)(Sn033Zr055Ti0  |2)0995O^  was  chosen  for  this  study. 

2.  EXPERIMENTAL  SETUP  AND  SAMPLE  PREPARATION 

An  experimental  setup  was  designed  to  measure  the  material  and  actuator  response  under  both  uniaxial  stress  and  temperature 
(Figure  3).  A  rigid,  precisely  guided  steel  frame  provides  true  uniaxial  stress  during  loading.  The  spherical  washer  on  top  of 
the  upper  contact  plate  further  minimizes  transverse  force  and  bending  moment  caused  by  non-parallel  sample  surfaces.  A  soft 
spring  is  used  in  the  load  train  (3000  N  maximum  force  with  160  N/mm  stiffness  or  9000  N  with  480  N/mm  stiffness)  to 
provide  relative  constant  load  when  the  sample  expands  under  an  electric  field.  Due  to  the  spring  and  some  heavy  mechanical 
parts,  only  quasi-static  measurements  can  be  performed  on  this  setup  (<  1  Hz). 

During  measurements,  a  desired  pre-stress  is  first  applied  to  the  sample  and  then  an  electric  field  is  applied.  The  field-induced 
polarization  is  measured  using  a  Sawyer-Tower  circuit.  The  displacement  of  the  sample  is  monitored  by  a  linear  variable 
differential  transformer  (LVDT),  which  is  driven  by  a  lock-in  amplifier.  By  using  a  lock-in  amplifier,  the  LVDT  resolution  is 
in  the  range  of  10  nanometers.  Note  that  the  LVDT  assembly  is  not  part  of  the  load  train,  but  part  of  the  steel  frame.  The 
LVDT  is  attached  to  a  pair  of  micrometer-controlled  positioning  fixtures,  which  are  fastened  onto  the  steel  frame.  So  when  a 
sample  strains  under  an  electric  field,  the  LVDT  senses  the  relative  motion  between  the  frame  and  the  top  of  the  sample. 
During  measurement,  the  sample  is  immersed  in  an  insulating  liquid,  Fluorinert™  (3M,  St.  Paul,  MN,  USA),  to  prevent 
arcing.  A  heating  ribbon  assembly,  which  can  be  inserted  into  the  liquid-filled  Teflon™  cup,  allows  the  sample  temperature 
to  reach  as  high  as  165°C  (Figure  4). 
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Figure  3  A  schematic  of  the  experimental  setup  for  pre-stress  measurements 


Figure  4  A  schematic  of  the  Teflon™  heating  bath 


A  major  concern  in  this  type  of  measurement  is  the  friction  at  sample/fixturc  surfaces.  Therefore,  efforts  were  made  to  reduce 
the  effects  of  frictional  clamping.  The  contacts  plates  have  a  mirror  finish  with  an  average  surface  roughness  of  Ra  =  5  nm. 
The  clamping  effect  can  be  further  reduced  by  using  samples  with  high  aspect  ratio.  In  this  study  multilayer  stacks  with  10.0 
mm  diameter  and  10.7  mm  in  height  are  built  for  the  measurements.  Each  stack  has  16  active  layers  which  have  a  thickness 
of  0.5  mm.  Two  passive  endcaps  at  the  top  and  bottom  of  the  stack  are  made  of  the  same  material  and  were  polished  to  Ra  = 
75  nm  on  the  outer  surfaces.  The  electrical  contact  of  the  discs  is  realized  by  50  pm  thick  metal  shims  between  the  active 
layers. 


3.  ELECTROSTRICTIVE  CERAMICS 

Uniaxial  stress  up  to  100  MPa  was  applied  to  various  samples.  During  the  measurements,  pre-stressed  samples  expand  under 
the  applied  electric  field  and  the  corresponding  polarization  and  displacement  were  measured  simultaneously.  Shown  in 
Figures  5(a)  and  5(b)  is  the  stress  dependence  of  PMN-PT  90-10.  Only  small  changes  in  polarization  and  strain  were 
observed.  At  100  MPa,  the  material  still  retains  85 %  and  68%  of  its  stress-free  polarization  and  strain,  respectively.  The 
hysteresis  remained  virtually  unchanged  for  all  stresses.  Moreover,  the  strain  versus  polarization  curves  showed  perfect 
parabolic  shapes  for  all  stresses  (Figure  5c),  indicating  that  the  electrostrictive  coefficient,  Q,,h  was  independent  of  the  applied 
stress.  By  using  least  square  regression,  the  above  coefficient  was  determined  to  be  0.0178  m4/C2. 

PMN-PT  76-24  material,  which  has  a  higher  dielectric  maximum  temperature  due  to  its  higher  PT  content,  was  tested  at  its 
operating  temperature,  85°C.  As  shown  in  Figures  5(d)  to  5(0,  it  had  the  same  characteristics  as  PMN-PT  90-10,  although 
its  strain  level  was  almost  50%  higher  than  that  of  90-10.  This  was  not  surprising  because  76-24  is  simply  the  high 
temperature  version  of  90-10.  The  electrostrictive  coefficient  Qm,  which  was  determined  to  be  0.0210  m4/C2,  was  also 
independent  of  stress. 

Both  materials  were  also  subjected  to  various  combinations  of  temperature  and  stress.  For  each  condition,  a  unipolar  (half 
sine  wave)  electric  field  with  a  20  kV/cm  maximum  was  applied  to  the  sample.  The  results  for  PMN-PT  90-10  are  plotted  in 
figures  6(a)  and  6(b).  This  shows  that  the  field-induced  polarization  and  strain  decreased  monotonically  with  increasing 
temperature  as  it  moves  away  from  its  dielectric  maximum  and  into  the  paraelectric  region.  The  stress  dependence  of  90-10 
remained  similar  for  all  temperatures.  PMN-PT  76-24  displays  the  same  behavior  at  temperatures  higher  than  85°C.  At 
room  temperature,  however,  a  stress  dependence  typical  of  a  normal  "soft"  ferroelectric  material  was  seen.  The  observed 
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The  polarization  and  strain  behaviors  of  PMN-PT  90-10  ((a)-(c))  and  76-24  ((d)-(e)) 
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Figure  6 


The  polarization  and  strain  of  PMN-PT  90-10  and  76-24  under  various  combination  of  temperature  and  stress 


behavior  was  the  result  of  two  competing  processes:  domain  flipping  due  to  stress  (polar  direction  perpendicular  to  stress)  and 
electric  field  (polar  direction  align  with  field).  Similar  behavior  of  soft  piezoelectrics  has  been  reported  in  the  past. 


4.  PHASE  SWITCHING  CERAMICS 

Like  the  electrostrictive  materials,  uniaxial  stress  up  to  100  MPa  was  applied  to  the  phase  switching  material.  Some  of  the 
results  are  shown  in  Figure  7.  It  is  interesting  to  observe  that  the  overall  strain  increases  with  increasing  pre-stress.  As  shown 
in  Figure  8a,  the  strain  at  stresses  greater  than  80  MPa  can  be  twice  as  high  as  that  without  pre-stress.  At  the  same  time, 
however,  the  polarization  remained  relatively  unchanged,  indicating  that  the  AFE-to-FE  phase  switching  was  complete. 
Apparently,  there  was  a  decoupling  between  the  polarization  and  strain.  The  pre-stress  also  increased  the  switching  fields  as 
shown  in  Figure  8b.  Both  the  forward  and  backward  switching  fields  have  equivalent  slopes  of  0.1 1  kV/cm  per  MPa.  The 
hysteresis  (the  difference  between  the  forward  and  backward  switching  fields)  remained  constant  at  about  20  kV/cm. 

To  explain  the  above  observations  of  phase  switching  behavior  under  uniaxial  stress,  we  propose  an  addition  to  the  switching 
sequence  in  Reference  9,  as  illustrated  in  Figure  9.  It  is  possible  that  the  AFE  domains  of  a  typical  electric  field-exposed 
sample  (b)  collapse  under  applied  stress  (b’).  This  makes  the  sample  smaller  in  the  stress  direction.  As  a  result,  the 
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Figure  7  (a)  Polarization  and  (b)  strain  behaviors  under  various  pre-stresses 

dimensional  change  in  E-field  direction  between  the  AFE  and  FE  states  (b*  to  e)  of  a  stressed  sample  is  larger  than  that  of  a 
stress-free  sample  (b  to  e).  The  collapsed  AFE  domain  state  also  implies  that  additional  energy  is  needed  during  phase 
transformation  when  a  sample  stretches  against  the  applied  stress,  which  explains  why  the  increased  switching  field  under 
stress.  Experimental  confirmation  of  the  proposed  explanation,  however,  is  still  needed. 

Finally,  it  was  noted  that  the  strain  of  multilayer  samples,  even  without  external  stress,  is  more  than  30%  smaller  than  that 
of  a  single  pellet  (Fig.  8a).  This  reduction  in  performance  was  likely  due  to  the  multilayer  structure.  Specifically,  the 
passive  endcaps,  shims  and  epoxy  used  for  assembling  the  multilayer  stacks  constrain  the  active  ceramic  layers  expansion  in 
the  transverse  directions  and  caused  a  reduction  of  the  longitudinal  strain. 


Figure  8  (a)  Maximum  polarization  and  strain  and  (b)  switching  fields  as  a  function  of  pre-stress 
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Figure  9  A  schematic  of  the  AFE-FE  phase  switching  steps.  The  proposed  extra  steps  2A 
and  2B  are  caused  by  the  uniaxial  stress. 


The  effects  of  temperature  on  phase  switching  were  also  examined.  Because  the  epoxy  used  for  assembling  the 
antiferroelectric  multilayer  stacks  does  not  have  high  temperature  capability,  the  measurements  were  performed  only  at  50  and 
75  °C.  Table  I  is  the  summary  of  the  strain  and  hysteresis  under  various  stresses  and  temperatures.  The  strain  showed  a 
remarkable  stability  for  the  temperature  range  20  to  75°C.  At  60  MPa,  the  strain  at  75°C  retained  more  than  75%  of  the 
strain  at  21°C.  This  composition  also  displayed  reduced  hysteresis  at  higher  temperatures. 


5.  SUMMARY 

An  experimental  setup  that  applies  up  to  9000  N  of  uniaxial  force  was  designed  and  built.  Extra  caution  was  taken  to  prevent 
any  transverse  movement  or  bending  on  samples.  The  clamping  effect  at  contact  surfaces  was  minimized  by  using  mirror 
finish  contact  plates  and  high  aspect  ratio  samples,  i.e.,  multilayer  stacks.  Two  types  of  elcctroactivc  ceramics  were 
investigated  in  this  study:  electrostrictive  and  antiferroelectric  materials. 


Table  I  The  strain  and  hysteresis  at  various  stresses  and  temperatures  of  the  antiferroelectric  material  in  this  study 

_  Strain  (%) _ Hysteresis  (kV/cm) _ 


HKilTlvSi 

21  °C 

0.252 

21.3 

21.0 

50°C 

0.230 

14.3 

15.0 

2££ _ 

■mm 

9.1 

_ 

For  electrostrictive  ceramics,  PMN-PT  90-10  and  its  high  temperature  (85°C)  counterpart  76-24,  were  tested.  It  was  shown 
that  neither  electrostrictive  PMN-PT  is  sensitive  to  external  stress,  while  76-24  showed  superior  electromechanical  properties 
to  90-10.  The  electrostrictive  coefficients  for  both  materials  were  independent  of  stress.  PMN-PT,  nevertheless,  was  very 
sensitive  to  temperature  change,  because  it  was  mostly  operated  at  temperatures  near  its  dielectric  maximum.  For  the 
antiferroelectric  material  in  this  study,  the  strain  at  high  pre-stress  (>80  MPa)  was  almost  twice  as  high  as  the  strain  without 
pre-stress.  This  is  likely  due  to  the  AFE  domain  re-orientation  process  under  load.  The  material  also  showed  excellent 
stability  in  performance  for  the  temperature  range  20  to  75°C  under  various  pre-stresses. 
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Abstract — In  this  study,  the  effect  of  processing  on 
the  phase  transformation  behavior  o  f 
antiferroelectric  lead  lanthanum  stannate  zirconate 
titanate  (PLSnZT)  ceramics  was  investigated. 
Specifically,  the  effects  of  sintering  condition,  and 
consequently  grain  size,  were  examined  in  order  to 
address  some  practical  issues.  Sub-micron  PLSnZT 
powder  was  made  by  using  conventional  solid  state 
reaction  and  additional  attrition  milling.  Samples 
were  sintered  at  different  temperature  and  dwell  time 
to  produce  different  grain  sizes  ranging  from 
approximately  15  to  0.5  pm.  It  was  found  that  the 
sintering  temperature  for  producing  fully  dense 
samples  can  be  as  low  as  950°C  with  attrition- 
milled  powder.  The  electrical  properties  of  the 
samples  were  the  same  when  the  sintering 
temperature  is  higher  than  1000°C.  Below  1000°C, 
sample  performance  begins  to  deteriorate,  possibly 
because  of  either  excess  lead  remaining  in  the 
samples  or  the  lack  of  domain  formation  in  sub- 
micron  grains.  It  was  also  found  that  decreased 
grain  size  can  increase  mechanical  strength  b  y 
30%. 


L  Introduction 

The  high  electric  field-induced  strain  in  lead  lanthanum 
stannate  zirconate  titanate  (PLSnZT)  family  of  ceramics  has 
been  of  interest  for  high  performance  actuators  and 
transducers.  It  was  established  by  Berlincourt  [1]  that  the 
antiferroelectric  tetragonal  (AFE^  phase  can  be  readily 
switched  to  ferroelectric  rhombohedral  (FErt)  phase  with  the 
application  of  an  electric  field.  This  antiferroelectric-to- 
ferroelectric  (AFE-FE)  phase  transition  is  accompanied  by  a 
large  volume  strain,  which  is  a  result  of  the  larger  FE*  cell  as 
compared  to  the  AFE^.  Previous  studies  reported  strain  as 
high  as  0.85%  [2,3],  although  other  crystallographic  analyses 
based  on  X-ray  diffraction  have  shown  that  0.5%  is  the 
maximum  strain  possible  for  an  ideal  single  crystal  in  this 
system  [4,5].  For  polycrystalline  samples,  strain  of  0.2% 
should  be  readily  achievable  at  the  AFE-FE  switching  field 
[6,7]. 

Because  of  their  high  tin  content,  PLSnZT  ceramics  are 
usually  sintered  at  temperatures  higher  than  1300°C,  where 
lead  volatility  can  cause  serious  quality  control  problems.  In 
order  to  alleviate  such  problems,  attempts  were  made  to 
improve  the  material  production  process,  especially  the 


possibility  of  using  sub-micron  powder  to  improve  the 
reactivity  during  sintering.  In  this  way,  the  sintering 
temperature  can  be  lowered,  thus  improving  consistency 
during  production.  More  importantly,  the  ability  to  alter  the 
sintering  condition,  and  consequently  gram  size,  provided  an 
effective  means  to  optimize  material  properties.  As  PLSnZT 
ceramics  have  been  extensively  studied  in  previous  reports 
[6,7],  the  composition  Pbo.98Lao.o2(Sno.33Zr0.55Tioi2)o.9*w®3 
which  offers  reasonable  strain  and  hysteresis  was  chosen  for 
this  study. 


n.  Experimental  Procedure 
A.  Sample  Preparation 

The  composition  (Bl)  used  in  this  study  is  shown  in  Fig. 
1.  Stoichiometric  ceramic  powder  was  prepared  by  solid  state 
reaction,  using  the  appropriate  amounts  of  reagent  grade  raw 
materials.  Calcined  powders  were  examined  by  X-ray 
diffraction  (XRD)  to  insure  phase  purity.  Typically,  the 
samples  showed  a  tetragonal  structure  within  the  detection 
limit  of  XRD.  Calcined  powder  was  then  attrition-milled  for 
8  hours  to  reduce  the  particle  size.  The  milled  powder  was 
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dried  and  then  re-calcined  at  a  lower  temperature  to  improve 
its  homogeneity.  Finally,  the  powder  was  attrition-milled 
again  and  dried.  The  finished  particle  surface  area  was  9.1 
m2/gram. 

The  sintering  process  was  earned  out  in  a  lead  rich 
environment  in  order  to  nuninuze  lead  volatilization. 
Samples  were  sintered  at  different  temperatures  and  dwell 
times  to  produce  different  grain  sizes.  Table  I  shows  a  list  of 
conditions  and  the  resulted  density  and  grain  size.  The 
samples  were  pale  yellow  after  sintering  and  remained  this 
color  throughout  processing. 

For  electrical  measurements,  disk  samples  (with  diameter 
11  mm  and  thickness  0.3  mm)  were  then  prepared  by 
polishing  to  achieve  flat  and  parallel  surfaces  onto  which  gold 
was  sputtered.  For  mechanical  strength,  bar  samples  (30  mm 
x  2  mm  x  2  mm)  were  prepared  and  the  edges  were  slightly 
chamfered  to  eliminate  machining  defects. 


Fig.  2  Processing  flow  chart 


B.  Characterization 

High-field  measurements  included  polarization  and  strain 
hysteresis  using  a  computer-controlled  modified  Sawyer 
Tower  circuit  and  a  linear  variable  displacement  transformer 
(LVDT)  driven  by  a  lock-in  amplifier  (Stanford  Research 
Systems,  Model  SR830).  The  voltage  was  supplied  using  a 
Trek  609C-6  high  voltage  DC  amplifier.  Through  the 
LVDT,  the  strain  of  the  samples  can  be  measured  with  the 
application  of  an  applied  field.  Electric  fields  as  high  as  70 


TABLE  I 

LIST  OF  SINTERING  CONDITIONS  AND  RESULTS 


Sintering 
Condition _ 

Density 
_(g/cm3) .. 

Weight  Loss 

_  (%) 

Grain  Size 

A.  1300°C/10hrs 

8.12 

1.72 

10-20 

B.  1300°C/2hrs 

8.15 

1.42 

5-10 

C.  1200°C/2hrs 

8.22 

1.32 

3-5 

D.  1 150°C/2hrs 

8.23 

1.33 

1.5-3 

E.  1 100°C/2hrs 

8.28 

1.20 

1-2 

F.  1000°C/2hrs 

8.20 

0.78 

0.8- 1 .5 

G.  975°C/4hrs 

8.04 

.0.69 

0.5-1 

H.  950°C/6hrs 

8.18 

0.78 

0.5-1 

J.  975°C/2hrs 

.  7,76 

051 

-0.5-1 

kV/cm  were  applied  using  an  amplified  sine  waveform  at  0.2 
Hz.  During  testing  the  samples  were  submerged  in  Fluorinert 
(FC-40,  3M,  St.  Paul,  MN),  an  insulating  liquid,  to  prevent 
arcing.  For  mechanical  strength,  the  samples  were  subjected 
to  three -point  bend  test  on  an  Instron  machine  (Model  4212, 
Instron  Corp.,  Canton.  MA). 


HI.  Results  and  Discussion 

A.  Microstructure 

As  shown  in  Table  I,  fully  dense  ceramics  can  be  achieved 
at  temperature  as  low  as  950°C.  with  the  exception  of 
condition  J.  The  weight  loss  due  to  lead  volatilization 
decreases  with  decreasing  sintering  temperature.  Depending 
on  sintering  conditions,  the  grain  size  varies  from  15  pm  to 
0.5  pm.  Some  of  the  microstmctures  obtained  under  different 
conditions  are  shown  in  figure  3.  Fully  dense,  well-defined 
microstructures  are  clearly  visible. 

B.  Electrical  Properties 

The  polarization  and  strain  behaviors  of  these  samples  are 
shown  in  Figure  4.  There  is  no  difference  in  their  properties 
when  sintered  at  temperatures  higher  than  1000°C. 
Nevertheless,  below  1000°C  (conditions  F,  G,  and  H)  the 
properties  begin  to  deteriorate.  The  AFE-FE  phase  switching 
becomes  more  diffuse  and  both  the  polarization  and  strain 
level  decrease.  In  particular,  condition  J  (Figure  5a)  shows 
only  lossy  hysteresis  loops  and  no  antiferroelectric 
characteristics. 

This  observation  is  attributed  to  two  possible  reasons. 
First  is  the  existence  of  excess  lead  oxide  along  grain 
boundaries.  This  is  partially  evidenced  by  the  decreasing 
weight  loss  with  decreasing  sintering  temperature.  Because  of 
the  low  sintering  temperatures,  excess  lead  oxide  did  not  have 
enough  vapor  pressure  to  escape  completely.  The  excess  lead 
residing  along  grain  boundaries  contributes  to  space  charge 
and  thus  reduces  the  electric  field  that  the  grains  actually 
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Fig.  3  Microstructures  of  some  sintered  samples:  (a)  1300°C/10hrs,  (b)  1200°C/2hrs, 
(c)  1 150°C/2hrs,  and  (d)  1000°C/2hrs. 


experience.  If  one  takes  a  sample  sintered  under  condition  J 
and  anneal  it  at  850°C  for  12  hours  in  oxygen  to  remove 
excess  lead,  the  hysteresis  loops  will  shift  towards  those  of 
the  high-fired  samples  (Figure  5b). 

Second  possibility  is  the  reduced  tetragonality/crystallinity, 
which  could  be  the  result  of  the  lack  of  domain  formation  or 
the  low  sintering  temperature  and  thus  low  energy  state.  As 
shown  in  Figure  6,  the  X-ray  diffraction  patterns  of  {002} 
peaks  clearly  shows  the  trend  of  shifting  tetragonality. 

C.  Flexural  Strength 

As  shown  in  Table  II,  the  flexural  strengths  of  these  materials 
are  comparable  to  those  of  conventional  PZTs.  But  more 
importantly,  the  samples  sintered  at  1 100°C/2hrs  show 
remarkable  improvement  in  strength  compared  to  other 
conditions.  The  30%  higher  strength  is  very  favorable  for 
actuator  applications  as  most  actuators  are  meant  to  carry 
some  form  of  mechanical  load. 


IV.  Conclusions 

Sub-micron  ceramic  powder  can  be  produced  by  adding 
attrition-milling,  re-calcining,  and  a  second  attrition-milling 


to  a  normal  solid  state  reaction  process.  Powder  surface  area 
can  reach  9  nr/gram.  Using  this  powder,  samples  of  different 
grain  sizes  were  made  by  adjusting  sintering  temperature  and 
dwell  time.  It  was  found  that  fully  dense  ceramics  with  good 
electrical  properties  and  superior  mechanical  properties  can  be 
sintered  at  temperatures  as  low  as  1000°C.  More 
importantly,  this  low  sintering  temperature  implies  that 
silvenpalladium  electrodes,  instead  of  platinum,  can  be  used 
for  co-fired  multilayer  actuators  to  reduce  production  cost 


TABLE  I 

MECHANCAL  STRENGTHS  OF  SAMPLES  SINTERED  L'NCER  VARIOUS  CONDmONS 


Sintering 

Condition 

Mechanical 
Strength  (MPa) 

Standard 

Deviation  (MPa) - 

A.  1300°C/10hrs 

101 

5 

B.  1300°C/2hrs 

103 

5 

C.  1200°C/2hrs 

113 

4 

D.  1150°C/2hrs 

120 

5 

E.  1100°C/2hrs 

131 

8 

F.  1000°C/2hrs 

103 

9 

G.  975°C/4hrs 

98 

7 

H  950°C/6hrs 

89 

_ 8 _ 

Fig.  4  The  polarization  and  strain  behaviors  of  samples  sintered  under  various  conditions 


Electric  Field  (kV/cm)  Electric  Field  (kV/cm) 
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Electric  Reid  (kV/cm)  Electric  Field  (kV/cm) 

(b) 


Fig.  5  (a)  Lossy  polarization  and  strain  loops  of  samples 
sintered  at  975°C/2hrs  and  (b)  after  being  annealed  at 
850°C/12hrs  in  oxygen. 
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Fig.  6  XRD  patterns  show  decreased  crystallinity 
with  decreasing  sintering  temperature 
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Materials  science 


Shape-Changing  Crystals  Get  Shiftier 


talented  family  of  materials  has  gamed 
'me  even  more  gifted  members.  So-called 
ezoelecmc  crystals  have  the  unique  ability 
swell  or  shrink  when  zapped  with  eiecmc- 
/*  as  well  as  give  off  a  jolt  of  juice  them- 
ives  when  compressed  or  pulled  apart.  En- 
neen  have  exploited  this  trait  for  decades 
convert  mechanical  energy  to  electricity 
d  back  again  in  applications  ranging  from 
onograph  needles  to  telephone  speakers. 
Now,  a  pair  of  researchers  from  Pennsylva- 
1  State  University  has  bred  new  pi  ezoelecmc 
inderkinds,  some  of  which  display  an  effect 
rimes  greater  than  that  of  current  family 
-•mbers.  A  paper  bv  the  researchers,  materials 
ennsts  Thomas  Shrout  and  Seung-Eek  Park, 
cheduled  to  appear  tho  spring  m  the  inaugu- 
issue  of  the  journal  Mrsenob  Research  Irtno- 
jons,  but  early  word  of  the  new  work  is  al- 
dy  turning  a  few  heads.  "It's  an  exanng 
akrhrough,"  says  Eric  Cross,  another  ptezo- 
cmc  materials  expert  at  Penn  State,  who  is 
:  affiliated  with  the  project.  “Improvements 
a  factor  of  10  are  not  easy  to  come  by  in  a 
d  that’s  50  yean  old  and  considered  mature. M 
he  materials  are  commercial  - 
i,  as  Cross  and  others  believe 
y  will  be,  they  could  usher  m 
ew  generation  of  piezoelectric 
ices  that  would  improve  ev- 
diing  from  the  resolution  of 
asound  machines  to  the  range 
onar  listening  devices. 

Piezoelectric  materials  owe 
it  abilities  largely  to  the  asvm- 
ucal  arrangement  of  posi- 
ly  and  negatively  charged 
ns  in  their  crystal  structure. 


The  positive  and  negative  charges  balance  out 
in  each  of  the  crystal’s  unit  cells — its  hmr 
repeating  units — hut  the  positive  charges, 
for  instance,  may  be  weighted  toward  the 
top  of  each  cell.  An  electric  field  can  dis¬ 
place  the  charges  even  farther,  which  dis¬ 
torts  the  overall  shape  of  the  unit  cell  and  of 
the  crystal  as  a  whole.  The  process  can  alcn 
run  in  reverse:  Squeezing  or  stretching  the 
material  shifts  the  charges  relative  to  each 
ocher,  redistributing  electric  charge  around 
the  surface  of  the  crystal,  which  can  produce 
a  small  electnc  current. 

The  usual  showcase  for  these  properties  is  a 
cheap  ceramic  material  called  PZT,  contain¬ 
ing  millions  of  crystalline  grains  in  different 
orientations.  PZT,  which  is  composed  prana  - 
nly  of  lead,  zirconium,  ntaruum.  and  oxvgm, 
can  deform  by  as  much  as  0.17%  in  a  strong 
applied  field.  To  boost  this  shape-shifnng 
ability,  researchers  have  med  to  grow  smgle 
crystals  of  PZT,  in  which  all  the  unit  r*\U 
would  line  up  in  the  same  direction.  Their 
contributions  to  the  piezoelectric  effect  would 
also  line  up.  enhancing  il  But  because  PZTs 


components  tend  to  separate  during  process¬ 
ing,  the  ceramic  is  extremely  difficult  to  grow 
as  a  single  crystal,  says  ShrouL 

To  coax  the  material  into  forming  single 
crystals.  Shrout  and  Park  tned  varying  its 
composition.  They  serried  on  a  couple  of  dif¬ 
ferent  mixtures,  such  as  a  combination  of 
lead.  nnc.  and  niobium  spiked  with  varying 
amounts  of  lead- Donate  (PT).  The  research¬ 
ers  found  that  a  small  admixture  of  PT — less 
than  9% — yielded  materials  that  not  only 
grew  into  single  crystals,  but  also  ended  up 
with  piezoelectric  abilities  that  are  enhanced 
more  than  they  expected. 

Just  why  that  is,  “we  still  don’t  know  for 
sure."  says  Shrout.  But  he  and  Park  believe 
that  at  least  part  of  the  enhancement  is  due 
to  the  fact  that  an  electnc  field  applied  to  the 
new  matenab  does  more  than  just  shift  a  few 
atoms  around  in  the  unit  celL  as  in  PZT:  "We 
think  it  causes  the  whole  crystalline  lattice 
structure  to  change  from  one  form  to  another." 
savs  Shrout.  The  changed  crystal  structure,  in 
turn,  frees  individual  atoms  to  respond  more 
strongly  to  the  field,  increasing  the  overall 
distortion  of  the  material.  Likewise,  a  me¬ 
chanical  distortion  probably  produces  a  simi¬ 
lar  lattice  shift,  enabling  the  material  to  gen¬ 
erate  more  current  than  standard  PZT. 

Whatever  the  reason  for  the  effect,  it’s 
likely  to  be  verv  useful  savs  Robert  Newnham, 
another  ptezoelecmatv  expert  at  Penn  State. 
The  new  crystals  will  undoubtedly  cost  more 
than  ceramics  like  PZT,  says  Park,  because 
growing  single  crystals  is  a  slow  and  painstaking 
process.  But  he  adds  that  he  and  Shrout  are 
working  on  wavs  to  speed  it  up.  If  they  suc¬ 
ceed,  the  new  pi  ezoelecmc  wunderkxnds  could 
grow  up  to  live  expansive  lives  indeed. 

-Robert  E  Service 
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Crystal  growth.  A  weak  field  disolaces  atoms  towaro  me  cor¬ 
ners  of  the  unit  cells,  but  a  stronger  field  rearranges  me  tames. 
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ABSTRACT 

Recent  developments  in  piezoelectric  materials  include  submicron  grain  size  ceramics  and  single 
crystals.  Pb(Zr,Ti)03  (PZT)  ceramics  with  submicron  grain  sizes  (-  0.5  pm)  have  been  produced 
with  properties  comparable  to  conventional,  coarse  grained  (~  3  to  5  pm)  ceramics.  The  fine  grain 
ceramics  exhibit  improved  machinability  over  conventional  materials.  Ultrasonic  transducer  arrays 
with  post  widths  less  than  15  pm  have  been  fabricated  as  well  as  thin  plates  with  thicknesses  as 
low  as  10  lim.  The  yields  and  performance  of  such  operations  are  expected  to  be  much  greater 
with  fine  grain  ceramic  than  with  conventional  material. 

The  single  crystal  piezoelectrics  developed  offer  field  induced  strain  an  order  of  magnitude  higher 
than  what  can  be  achieved  in  piezoelectric  ceramic  actuators  (>  1%).  Furthermore,  the  strain 
electric  field  hysteresis  and  dielectric  losses  are  very  low  for  these  materials  and  electromechanical 
coupling  factors  (k33)  are  greater  than  90%.  Applications  which  may  benefit  from  the  recent 
developments  include  smart  materials  and  structures  and  MEMS. 

1.  INTRODUCTION 

Piezoelectric  ceramics  are  currently  the  material  of  choice  for  transducer  and  actuator  applications, 
offering  relatively  high  electromechanical  coupling  (kjj),  piezoelectric  coefficients  (dy),  and  a  wide 
range  of  dielectric  constants  (K)  with  low  dielectric  loss.  For  transducer  applications,  these  key 
merits  of  piezoelectric  ceramics  translate  into  enhanced  performance  in  the  form  of  high  sensitivity, 
broad  bandwidth,  electrical  impedance  matching,  and  minimal  thermal  heating.  For  actuators,  the 
piezoelectric  coefficient  (dy),  determining  the  level  of  induced  strain  at  a  given  electric  field,  and 
the  maximum  achievable  strain  level  are  the  most  widely  used  parameters  describing  actuator 
performance. 

In  this  paper  we  review  recent  developments  in  piezoelectric  materials  from  submicron 
polycrystalline  ceramics  to  domain  engineered  single  crystals.  The  impact  of  these  new  materials 
on  device  fabrication  and  performance  will  be  presented,  including  the  potential  for  micro- 
electromechanical  systems  (MEMS). 


1.1  Piezoelectric  ceramics 

Pb(Zri-x,Tix)03  (PZT)  ceramics  have  been  the  mainstay  for  transducer  and  actuator  applications. 
Compositionally,  PZT  ceramics  lie  near  the  morphotropic  phase  boundary  (MPB)  between  the 
tetragonal  and  rhombohedral  phases,  as  shown  in  Figure  1.  MPB  compositions  exhibit 
anomalously  high  dielectric  and  piezoelectric  properties  as  a  result  of  enhanced  polarizability 
arising  from  the  coupling  between  two  equivalent  energy  states,  i.e.  the  tetragonal  and 
rhombohedral  phases,  allowing  optimum  domain  reorientation  during  the  poling  process. 


Relaxor 


Figure  1.  Ternary  diagram  depicting  MPBs  in  PZT 
and  Relaxor-PT  systems  for  piezoelectric  ceramics. 
(3] 


Alternate  MPB  systems  can  be  found  in 
Relaxor-PbTiC>3,  also  shown  in  Figure  1. 
Lead  based  relaxor  materials  are 
complex  perovskites  with  the  general 
formula  Pb(Bj  B  2)03. 

(Bi=Mg2+,Zn2+,Ni2+,Sc3+...,  B2=Nb5+, 
Ta5+,  W6*...).  Characteristic  of  relaxors  is  a 
broad  and  frequency  dispersive  dielectric 
maxima  [1]. 

To  achieve  a  high  piezoelectric  coefficient, 
MPB -based  ceramics  are  further  engineered 
by  compositionally  adjusting  the  Curie 
temperature  (Tc)  downward  toward  room 
temperature.  The  effect  of  transition 
temperature  (Tc)  on  the  piezoelectric 
properties  is  clearly  evident  in  Figures  2  and 
3.  As  shown,  the  room  temperature  values  of 
dielectric  constant  (K)  and  piezoelectric 
coefficient  (d33)  are  plotted  as  a  function  of 
Tc  for  a  variety  of  modified  PZT  ceramics, 
including  Relaxor-PT  systems.  Enhanced 
piezoelectric  activity  of  MPB-based  ceramics, 
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Fig.  2.  Dielectric  constant  as  a  function  transition 
temperature  (Tc)  for  piezoelectric  ceramics,  including 
PZT,  modified  PZTs,  and  Relaxor-PT  systems. 
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achieved  by  compositionally  adjusting  Tc  downward  relative  to  room  temperature,  results  in  ‘soft* 
piezoelectric  ceramics.  This  enhanced  piezoelectric  effect,  therefore,  comes  at  the  expense  of  more 
temperature  dependent  properties,  and  less  polarization  stability,  i.e.  aging  and  loss  of  piezoelectric 
activity.  For  electromechanical  coupling,  such  as  IC33,  no  relationship  with  Tc  is  evident,  as 
presented  in  Figure  4.  Further  details  on  the  relationship  between  dielectric/piezoelectric  properties 
and  Curie  temperature  (Tc)  can  be  found  in  the  article  by  S.-E.  Park  et  al.  [2]. 


2.0  FINE  GRAIN  PIEZOELECTRIC  CERAMICS 


Submicron  grain  size  piezoelectric  ceramics  offer  many  advantages  for  both  ultrasonic  transducers 
and  high  driving  field  actuators.  Reduced  grain  sizes  leads  to  improved  machinability  for  finer 
feature  sizes  in  high  frequency  arrays  (>  10  MHz),  reduced  yield  loss  for  array  fabrication, 
increased  mechanical  strength  for  high  reliability  actuators,  and  reduced  layer  thicknesses  in  tape 
cast  multilayers  for  low  driving  voltage  actuators  [5].  A  major  problem  with  reducing  grain  sizes 
in  piezoelectric  ceramics  has  been  a  corresponding  reduction  in  properties  (see  Figure  6).  TEM 
studies  and  cryogenic  property  measurements  have  revealed  that  reducing  grain  sizes  effects  the 
extrinsic  contributions  to  piezoelectricity  in  PZT  ceramics  [6].  Domain  observations  indicate  that  in 
grains  less  than  1  pm  in  size,  there  is  a  reduction  in  the  number  of  domain  orientation  variants  [7], 
which  effectively  must  result  in  a  reduction  of  poling  efficiency. 

The  effect  of  grain  size  minimization  may  be  overcome  by  modifying  traditional  dopant  strategies 
to  promote  domain  wall  mobility  [8].  This  increases  the  extrinsic  piezoelectric  effect  in  fine  grain 
ceramics  to  the  extent  that  properties  are  equivalent  to  conventional  materials,  while  employing 
conventional  mixed  oxide  processing.  The  material  is,  therefore,  cost  competitive  with 
conventional  ceramics.  To  date,  materials  that  have  been  made  in  fine  grain  form  include  DOD 
Types  II,  HI,  and  VI.  A  grain  size  comparison  of  commercially  available  conventional  and  fine 
grain  Type  n  material  is  shown  in  Figure  7. 

2.1  Transducer  applications 

A  number  of  studies  have  been  conducted  using  the  fine  grain  Type  n  ceramic  (PZT-5)  to 
demonstrate  its  potential  benefit  for  a  variety  of  applications.  Dicing  studies  have  been  performed 
to  compare  the  composite  fabrication  behavior  of  submicron  grain  ceramics  directly  to  conventional 
material.  Very  fine  scale  arrays  have  been  fabricated  to  test  the  benefits  of  submicron  ceramic  for 
high  frequency  ultrasonic  arrays.  And  finally,  the  benefits  of  fine  grain  ceramic  for  actuators  have 
been  investigated. 


1000 


Figure  6.  Piezoelectric  coefficient  and  dielectric 
constant  as  a  function  of  grain  size  for  a  DOD 
Type  II  ceramic  [6]. 


Table  1.  Comparison  of  Fine  Grain  and  Conventional 
PZT  Ceramic  Properties. 


PZT-5  “Soft”  PZT-8  “Hard” 


PZT-5H 


“Soft” 


Property 

Type 

iini[ 

Type 

DFG 

Type 

m 

Type 

mFG 

Type 

VI 

Type 

VDFG 

K 

i960 

1900 

1150 

1125 

4500 

4400 

Loss 

cm 

0.017 

0.002 

0.003 

0.02 

0.025 

d33 

425 

415 

260 

260 

785 

730 

ko 

0.65 

0.62 

0.51 

0.49 

0.70 

0.68 

Tc 

350 

325 

— 

— 

185 

185 

2.1.1  Dicing  and  1-3  composite  studies 


A  dicing  study  was  performed  for  a  side-by-side  comparison  of  machinability  for  Type  II  fine 
grain  ceramic  (TRS200FG),  and  two  conventional  materials  (Edo  EC65  and  Motorola  3195HD).. 
Dicing  conditions  (blade  rpm,  travel  speed,  coolant  flow  and  direction,  dressing  conditions,  etc.) 


As  a  general  rule  of  thumb,  piezoelectric  materials  can  be  safely  used  to  approximately  1/2  T 
without  significant  reduction  in  piezoelectric  activity.  This  can  restrict  the  working  range  of  the 
device  or  limit  fabrication  techniques.  During  the  fabrication  process  of  transducers,  the 
piezoelectric  material  may  experience  excessive  temperature  due  to  cutting/dicing,  polymer  curing, 
or  the  attachment  of  acoustic  matching/backing  materials.  It  is  noted  that  the  most  widely  used 
material  in  the  ultrasonic  imaging  industry  has  a  Tc  ~  210*C  owing  to  the  material’s  relatively  high 
dielectric  constant  and  coupling  coefficient  while  providing  good  temperature  stability. 

In  regard  to  actuator  applications,  a  consequence  of  increased  piezoelectric  activity  for 
piezoelectrically  “soft”  ceramics  is  large  hysteresis  in  the  strain  vs.  E-field  behavior  as  a  result  of 
domain  motion.  Strain  vs.  E-field  behavior  for  PZT-5H  (Navy  type-VI)  is  shown  in  Figure  5  as 
an  example.  Though  the  piezoelectric  coefficient  (d33)  of  PZT-5H  ceramics  is  in  the  range  of  - 
600  to  700  pC/N  [4]  (implying  -  0.06  to  0.07%  strain  at  10  kV/cm),  actual  strain  levels  as  high  as 
0.1%  are  observed  at  10  kV/cm.  This  enhanced  nonlinear  strain  is  a  result  of  domain  motion,  and, 
therefore,  accompanied  by  significant  hysteresis,  which  results  in  poor  positioning  accuracy.  The 
area  within  the  strain  vs.  E-field  curve  also  results  in  significant  heat  generation  during  operation. 
Heat  generation  combined  with  a  decreased  temperature  usage  range,  results  in  poor  temperature 
stability  and  may  limit  these  ceramics  to  low  frequency  applications. 

Polarization  instability  and  strain  vs.  E-field  hysteresis  can  be  minimized  with  the  use  of  “hard” 
piezoelectric  ceramics.  Hard  piezoelectric  ceramics  such  as  PZT-8  (Navy  type  IE)  offer  very  low 
hysteresis,  as  shown  in  Figure  5.  However,  the  reduction  in  hysteresis  and  loss  comes  at  the 
expense  of  k33  (~  60%  vs.  -  75%)  and  d33  (~  200  vs.  ~  700  pC/N)  for  PZT-8  and  PZT-5H, 
respectively. 

Among  electrostrictors,  another  category  of  electromechanical  ceramics,  a  few  materials  such  as 
PMN  and  its  solid  solution  with  PT  exhibit  significant  electrostrictive  strain  (>  0.1%)  with  virtually 
no  hysteresis,  as  shown  in  Figure  5.  Effective  d33*s  >  -  800  pC/N  calculated  directly  from  the 
strain  vs.  E-field  curve  can  be  achieved,  but  only  over  a  very  narrow  range  of  E-field  and 
temperature. 


In  general,  the  polycrystalline  materials  presented  above  are  made  up  of  multidomain  crystals  on 
the  order  of  a  few  microns  to  tens  of  microns.  This  microstructural  scale,  however,  limits  the 
applicability  of  these  materials  for  high  frequency  transducers,  ultra  low  voltage  actuators,  and 
MEMS  structures,  where  the  device  scale  approaches  that  of  the  individual  grain  size. 
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Figure  4.  Electromechanical  coupling  (k33)  as  a  Figure  5.  Strain  vs.  E-field  behavior  for  various 

function  transition  temperature  (Tc)  for  piezoelectric  electromechanical  materials, 

ceramics,  including  PZT,  modified  PZTs,  and 
Relaxor-PT  systems. 


were  the  same  for  all  samples.  The  dicing  was  done  on  all  samples  with  the  same  blade.  Multiple 
dicing  trials  were  done  using  different  sample  testing  sequences  to  account  for  blade  wear.  Results 
were  characterized  by  the  maximum  post  aspect  ratio  essential  for  optimum  performance  (height  to 
width)  that  could  be  achieved.  Results  of  the  dicing  experiments  are  summarized  in  Table  2.  A  10 
MHz  1-3  composite  was  constructed  from  the  fine  grain  material  and  the  effective  thickness 
coupling  coefficient  kt  was  0.6,  identical  to  composites  made  from  the  conventional  ceramics  for 
low  frequency  applications  (<  5  MHz).  The  results  of  this  study  indicate  that  fine  grain  ceramic 
should  lead  to  significant  improvements  in  dicing  yields  without  a  decrease  in  properties. 


Figure  7.  Microstructure  comparisons  for  a) 
TRS200FG  (grain  size  -  0.5  pm)  and  b)  3195HD 
(grain  size  -  3  pm). 


Table  2.  Summary  of  Dicing  Study: 
Smallest  Post  Sizes. 


Material 

Cut  Depth 
(pm) 

Kerf 

(pml 

Width 

(pm) 

Aspect 
Ratio  ^ 

TRS200FG 

380 

23 

18 

21:  l"  ' 

3195HD 

380 

23 

28 

15:1 

EC65 

380 

23 

38 

10:1 

2.1.2  Very  high  frequency  transducers 

The  ultimate  benefits  of  fine  grain  ceramic  were 
demonstrated  by  constructing  Very  High 
Frequency  (VHF)  transducers.  A  2-2  composite 
with  a  resonant  frequency  of  50  MHz  was  diced 
using  the  TRS200FG  material.  The  result  is 
shown  in  Figure  8.  This  composite  had  ceramic 
posts  approximately  15  pm  wide  [9].  Arrays 
with  these  dimensions  could  not  be  diced  from 
conventional  ceramics.  Single  element 
transducer  plates  less  than  15  microns  in 
thickness  were  also  fabricated  with 
corresponding  thickness  mode  resonances  £  150 
MHz.  Such  devices  have  potential  for  ultrasound 
backscatter  microscopy. 

2.2.2  Actuators 

Fine  grain  piezoelectrics  offer  several  potential 
benefits  for  actuator  applications.  PZT  ceramics 
with  grain  sizes  less  than  1  pm  are  approximately 
30%  stronger  (bending  strength)  than 
conventional  materials.  Thus,  stacked  or  cofired 
actuators  made  with  fine  grain  ceramics  should 
be  able  to  withstand  greater  tensile  stresses 


during  electric  field  driving.  This  will  result  in  higher  reliability  actuators,  and  higher  strain  from  a 
higher  maximum  driving  field  (see  Figure  9).  Another  advantage  of  fine  grain  ceramics  is  thinner 
layers  in  both  stacked  and  cofired  devices  allowing  lower  driving  voltages.  Finally,  the  improved 
machinability  of  fine  grain  ceramics  offers  potential  for  constructing  micro-electromechanical 
systems  (MEMS)  using  mechanically  thinned  bulk  ceramic  and  subsequent  bonding  techniques. 


Figure  8.  50  MHz  2-2  composite  fabricated  from  Figure  9.  Increased  strain  available  from  fine  grain 

TRS200FG  ceramic  (grain  size  -  0.5  |im).  ceramics  driven  at  a  high  electric  field. 


3.0  SINGLE  CRYSTAL  PIEZOELECTRICS 

In  summarizing  the  observations  presented  above,  the  dielectric  and  piezoelectric  properties  of 
piezoelectric  ceramics  are  strongly  related  to  the  transition  temperature  Tc.  Upon  direct 
comparison,  no  one  type  of  material,  whether  PZT-based  or  Relaxor-PT,  offers  significant 
improvement  in  overall  performance.  Especially  for  actuators,  soft  PZTs,  exhibiting  piezoelectric 
coefficients  (d33)  as  high  as  750  pC/N,  are  inherently  limited  due  to  hysteresis  caused  by  domain 
motion.  Hysteresis  can  be  minimized  with  the  use  of  hard  piezoelectric  ceramics,  but  d33  values  of 
only  ~  200  to  300  pC/N  are  available.  Even  though  electrostrictive  ceramics  offer  effective  d33’s 
~  800  pC/N,  maximum  strain  level  is  limited  by  its  dielectric  breakdown  strength  and  polarization 
saturation.  The  question  arises,  are  there  opportunities  for  new  piezoelectric  materials  with 
enhanced  properties  ? 

To  answer  the  question  above,  one  must  look  to  the  single  crystal  form  of  piezoelectric  materials, 
the  topic  of  this  section. 


3.1  Relaxor-PT  Single  crystals 

Single  crystal  piezoelectrics  such  as  quartz  (SiC>2),  lithium  niobate  (LiNbC>3),  and  the  analogue 
lithium  tantalate  (LiTaC>3)  are  widely  employed  in  specific  applications  that  include  oscillators, 
surface  acoustic  wave  (SAW)  devices,  and  in  optics.  In  contrast  to  PZT  ceramics,  however,  these 
single  crystals  offer  inferior  piezoelectric  properties,  with  d33*s  <  50  pC/N. 

Attempts  to  grow  single  crystals  of  MPB  PZTs  have  been  made  by  numerous  researchers, 
resulting  in  crystallites  too  small  to  allow  adequate  property  measurements  [10,11,12,13,14],  In 
contrast  to  PZT  crystal  growth,  Relaxor-PT  materials  can  be  readily  grown  in  single  crystal  form. 
This  key  distinction  was  first  realized  by  Soviet  researchers  [15,16],  later  by  Nomura  and  co¬ 
workers  for  the  PZN  and  PZN-PT  systems  [17,18]  and  by  Shrout  [19]  for  PMN-PT  system.  In 


general,  most  Pb(BiB2)C>3-PT  crystals  can  be  grown  by  high  temperature  solution  growth  using 
Pb-based  fluxes  [20,21]. 

Although  ultra  high  coupling  and  piezoelectric  properties  of  the  PZN-PT  and  PMN-PT  systems, 
with  d33  and  k33  values  greater  than  1500  pC/N  and  90%,  respectively,  have  been  known  for 
several  years,  their  potential  for  high  performance  ultrasound  transducers,  actuators,  and  related 
devices  has  only  been  recognized  recently.  Serious  efforts  on  the  development  of  Pb(BiB2)03-PT 
crystals  for  high  performance  transducers  includes  investigations  at  Toshiba  Co.  and  at  the 
Pennsylvania  State  University.  Though  the  Curie  temperatures  (Tcs)  of  these  materials  are 
relatively  low  <  200°C,  the  piezoelectric  property  advantages  become  evident  by  directly 
comparing  their  values  in  relation  to  Tc  in  Figures  2-4.  Although  their  superiority  to  piezoelectric 
ceramics  is  clearly  evident,  few  systematic  studies  on  the  crystallographic  aspects  of  these  crystals 
have  been  made. 

In  the  following  section,  the  results  based  on  recent  investigations  are  presented,  reporting 
electromechanical,  dielectric/piezoelectric  properties. 

3.2  Electromechanical  properties — low  Held  measurements 

Commonalities  inherent  to  Relaxor-PT  systems  have  been  discussed  in  reviews  by  Shrout  [22]  and 
Randall  [23],  Based  on  these  commonalities,  our  presentation  is  limited  to  two  representative 
systems,  PZN-PT  and  PMN-PT.  Though  PMN-PT  MPB  crystals  exhibit  piezoelectric  properties 
comparable  with  PZN-PT,  more  focus  is  given  to  the  PZN  system  owing  to  its  relatively  lower  PT 
content  for  MPB,  allowing  more  uniform  crystal  growth  of  these  solid  solution  materials.  Figure 
10  shows  an  example  of  oriented,  cut,  and  polished  crystals  for  transducer  and  actuator 
fabrication.  Dielectric,  piezoelectric,  and  electromechanical  coupling  coefficients  for  the  various 
crystals  are  reported  in  Table  3.  As  reported  in  Table  3,  large  coupling  coefficients  (k33>  and  large 
piezoelectric  coefficients  (d33)  were  found  for  PZN-PT  crystals  with  MPB  compositions  (PZN- 
9.5%PT),  as  previously  reported  by  Kuwata  [18].  Electromechanical  coupling  (k33)  equal  to  and 
larger  than  MPB  crystal  compositions  were  found  for  domain  engineered  rhombohedral  crystals* 
as  shown  in  Figure  1 1.  Though  <11 1>  is  the  polar  direction  for  rhombohedral  crystals,  such  cuts 
exhibited  low  values  in  both  electromechanical  coupling  factor  and  piezoelectric  coefficients.  Pure 
PZN,  and  PZN-8%PT  crystals  were  found  to  possess  high  k33  values  of  ~  85%  and  94%, 
respectively,  for  (001)  crystal  cuts.  The  low  values  of  dielectric  loss  <  1%,  significantly  less  than 
their  polycrystalline  counterparts,  should  also  be  noted.  Figure  12  presents  the  piezoelectric 
coefficient  (CI33)  as  a  function  of  composition,  calculated  based  on  IEEE  standards.  Maximum  d33 
values  of  -  2500  pC/N  were  determined  with  domain  engineered  rhombohedral  PZN-8%PT 
crystals.  In  contrast  to  PZT’s,  d33  dramatically  decreases  at  MPB  to  levels  -  500  pC/N  for 
tetragonal  compositions.  It  should  be  noted  that  direct  observation  of  the  strain  vs.  E-field 
behavior  is  essential  in  order  to  investigate  hysteresis  and  maximum  levels  of  strain,  key 
experiments  to  directly  confirm  actuator  performance,  the  topic  of  the  next  section. 

3.2  Electromechanical  properties — high  field  measurements 

As  presented  in  the  previous  section,  piezoelectric  coefficients  (d33)  as  high  as  2500  pC/N  were 
determined  from  <00 1>  oriented  rhombohedral  crystals.  In  relation  to  actuators,  several  questions 
arise:  (1)  How  do  the  high  d33  values  determined  using  low  field  techniques  correlate  to  direct 
measurements?  (2)  As  for  piezoelectric  and  electrostrictive  ceramics,  will  the  strain  level  saturate 
with  increased  E-field?  (3)  How  much  hysteresis  accompanies  the  strain? 


*Rhombohedral  crystals  oriented  and  poled  along  pseudocubic  <001>  direction.  Crystallographically,  polarization 
direction  of  rhombohedral  crystal  is  pseudocubic  <11 1>  direction.  The  role  of  domains  and  their  stability  on  the 
dielectric  and  piezoelectric  properties  of  single  crystals  are  investigated  and  reported  in  the  article  by  Wada  et  al.  [24]. 


Figure  10.  Oriented,  cut.  and  polished  crystals  Figure  11.  IC33  as  a  function  of  composition  and 

of  PZN-PT.  orientation  for  PZN-PT  crystals. 


Table  3.  Dielectric  and  Piezoelectric  Properties  of  Pb( A  1/382/3)03 -PbTiC>3  Single  Crystals  (A=Zn2+,  Mg2+) 


Composition 

Orientation 

k33 

s33e 

no-'2  m2/N) 

K3T 

Loss 

d33 

(pC/N) 

PZN 

in 

0.38 

7.4 

900 

0.012 

83 

001 

0.85 

48 

3600 

0.008 

1100 

PZN-4.5%PT 

in 

0.35 

9.0 

1500 

0.004 

110 

001 

0.91 

102 

4000 

0.004 

2000 

PZN-6%PT 

in 

0.33 

7.3 

720 

0.004 

74 

001 

0.93 

133 

4800 

0.012 

2400 

PZN-8%PT 

in 

0.39 

74 

2150 

0.012 

82 

001 

0.95 

152 

5500 

0.010 

2600 

PZN-9.5%PT 

in 

0.64 

10.4 

4300 

0.007 

600 

001 

0.89 

77 

1600 

0.004 

1600 

PZN-12%PT 

001 

0.86 

900 

0.004 

500 

PMN-24%PT 

001 

3700 

0.009 

900 

PMN-33%PT 

001 

0.94 

79 

4500 

0.012 

1700 

PMN-35%PT 

001 

0.92 

67 

3100 

0.014 
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Figure  12.  d33  as  a  function  of  composition  and 
orientation  for  PZN-PT  crystals. 


Strain  as  a  function  of  electric  field  for 
various  <00 1>  oriented  rhombohedral 
crystals  (pure  PZN,  PZN-4.5%PT,  PZN- 
8%PT,  and  PMN-24%PT)  are  presented  in 
Figure  13.  Also,  E-field  induced  strains  of 
various  electromechanical  ceramics  such  as 
soft  PZT  (PZT-5H),  hard  PZT  (PZT-8),  and 
electrostrictive  ceramics  (PMN-PT)  are 
compared.  Piezoelectric  coefficients  (d33) 
directly  calculated  from  the  slope  of  strain  vs. 
electric  field  curves  confirmed  the 
piezoelectric  coefficients  determined  by  the 
low-field  resonance  method.  Strains  as  high 
as  0.6%  were  observed  with  low  hysteresis 
for  these  crystals,  significantly  larger  than 
that  for  polycrystalline  ceramics. 

Strain  saturation  for  <00 1>  oriented 
rhombohedral  crystals  was  investigated  until 
dielectric  breakdown,  as  presented  in  Figure 
14.  Far  from  saturation,  the  strain  abruptly 
increased  with  strain  levels  as  high  as  0.8% 
being  achieved  for  all  crystals  tested.  Strain 
levels  >  1.7%,  nearly  an  order  of  magnitude 
larger  than  that  achievable  in  present  day 
polycrystalline  ceramics,  were  observed  for 
PZN-8%PT  crystals  as  a  result  of  higher 
breakdown  voltage. 


Electric  Field  (kV/cm)  Electric  Field  (kV/cm) 


Figure  13.  Strain  vs.  E-field  behavior  for  <001>  Figure  14.  Strain  vs.  E-field  behaviors  for  crystals  of 
oriented  rhombohedral  crystals  of  PZN-PT  and  PZN-PT  and  PMN-PT,  and  for  various 

PMN-PT  and  for  various  electromechanical  ceramics,  polycrystalline  ceramics.  Maximum  field  was 

limited  by  dielectric  breakdown. 


4.0.  MicroElectroMechanicalSystems  (MEMS) 

The  worldwide  market  for  MEMS  (MicroElectroMechanical  Systems)  is  predicted  to  grotv  to  over 
$12  billion  by  the  year  2000.  MEMS  which  both  sense  and  actuate  are  still  largely  in  development, 
but  are  predicted  to  account  for  a  substantial  market  share  in  the  future  [25].  While  silicon  will 
always  remain  the  basis  for  MEMS,  more  new  materials  will  be  incorporated  to  enhance  the 
performance  of  these  devices.  The  large  piezoelectric  effect  found  in  lead-based  ferroelectrics  such 
as  PZT  makes  them  attractive  for  use  in  both  micro-actuators  and  sensors.  Up  to  the  present  time, 
the  integration  of  PLZT  and  MEMS  has  been  approached  through  the  deposition  and  post¬ 
processing  of  PZT  thin  films  on  silicon.  In  general,  PZT  films  suffer  from  limited  thickness  (-  1 
|xm),  high  internal  stress,  clamping  by  the  substrate,  electrode  compatibility  problems,  and  low 
piezoelectric  coefficients.  The  recent  developments  in  piezoelectric  materials  presented  in  Sections 
2  and  3  offer  the  potential  for  creating  hybrid  MEMS  from  piezoelectric  bulk  materials: 

•  Fine  Grain  Piezoelectrics.  Submicron  piezoelectric  ceramics  with  piezoelectric 
properties  comparable  to  conventional  materials  have  improved  machinability  over 
coarser  grained  ceramics  with  the  ability  to  fabricate  transducer  elements  on  the  order  of 
only  -  10  microns  by  precision  sawing  or  polishing. 

•  Single  Crystal  Piezoelectrics.  Single  crystal  piezoelectrics  exhibit  exceptional 
piezoelectric  activity  (d33  =  2500  pC/N  and  d3i  =  -1000  pC/N).  Resulting  strains  are 
over  1%,  which  is  an  order  of  magnitude  greater  than  the  strains  produced  in 
conventional  piezoceramics  or  thin  films.  Thin  sections  of  these  crystals  (<  50  Jim)  have 
already  been  prepared. 

Work  is  currently  underway  to  incorporate  these  materials  into  semi-monolithic  MEMS  using 
techniques  similar  to  those  found  in  Epitaxial  Lift-Off  (ELO)  processes.  As  schematically 
presented  in  Figure  15,  micromachined  silicon  substrates  and  thin  sections  of  the  piezoelectric 
materials  are  grafted  onto  the  substrates.  It  is  expected  that  these  hybrid  MEMS  can  be  used  as 
variable  positioners,  optical  scanners,  shear  force  sensors,  microfluidics  devices,  and  high-torque 
ultrasonic  motors.  Preliminary  calculations  for  a  simple  cantilever-type  unimorph  microactuator 
indicate  that  forces  in  the  milli-Newton  and  displacements  in  the  millimeter  ranges  can  be  obtained 
from  microunimorphs  ranging  from  micrometers  to  millimeters  in  size.  It  is  predicted  that  hybrid 
MEMS  using  lead-based  piezoelectrics  will  have  several  advantages  over  MEMS  composed 
entirely  of  silicon  or  PZT-film  MEMS.  These  include  greater  ruggedness  and  higher  force 
generation  in  actuators  and  higher  sensitivities  in  piezoelectric  sensors. 


A  B 

Figure  15.  Schematic  drawing  of  two  microunimorph  designs  (not  to  scale):  (a)  silicon,  (b)  Si3N4  shim  or  pedestal 
support  (c)  PZN-PT  crystal,  (d)  insulator,  (e)  electrodes,  and  (0  metal  shim.  Passivation  layers  between  the  silicon 
and  the  electrodes  are  omitted  for  simplicity.  A  polysilicon  layer  that  would  be  deposited  on  Si3N4  to  promote 
electrode  adhesion  is  also  not  shown. 


5.0  SUMMARY 


Recent  developments  in  piezoelectrics  include  fine  grain  polycrystalline  ceramics  and  single 
crystals.  Submicron  grain  PZTs  (<  0.5  pm)  have  been  developed  with  properties  comparable  to 
conventional  ceramics.  Fabrication  studies  of  ultrasonic  arrays  have  shown  that  submicron  grain 
sized  PZT  have  superior  machining  characteristics  to  conventional  ceramics.  Diced  or  polished 
dimensions  less  than  15  pm  have  been  achieved.  Improved  machinability  is  expected  to  increase 
array  manufacturing  yields  and  allow  for  the  fabrication  of  very  high  frequency  transducers  (>  50 
MHz).  For  actuators,  the  improved  strength  of  fine  grain  ceramics  is  expected  to  lead  to  increased 
reliability  and  larger  strains  through  high  driving  fields.  Thinner  layers  in  stacked  and  cofired 
actuators  can  also  be  produced  with  a  corresponding  decrease  in  drive  voltage. 

The  single  crystal  form  of  Relaxor-PT  materials  offers  the  possibility  of  dramatic  improvements  in 
transducer  performance.  Electromechanical  coupling  coefficients  greater  than  90%  and  ultrahigh 
piezoelectric  coefficients  (d33)  >  -  2500  pC/N  and  strain  levels  up  to  0.6%  with  minimized 
hysteresis  have  been  achieved.  In  contrast  to  strain  saturation  observed  from  <11 1>  oriented 
rhombohedral  crystals,  ultrahigh  strain  levels  up  to  1.7%  could  be  achieved  for  <00 1>  oriented 
rhombohedral  single  crystals  nearly  an  order  of  magnitude  larger  than  that  available  in 
polycrystalline  ceramics.  Other  relaxor  based  rhombohedral  crystals  are  expected  to  exhibit  similar 
strain  vs.  E-field  behavior.  Though  clearly  promising  candidates  for  high  performance  transducers 
and  actuators,  further  investigation  in  crystal  growth  and  pre-stress  testing  are  required  for  single 
crystal  piezoelectrics  to  become  the  next  generation  of  ultrasound  and  actuator  matprink 

The  potential  for  the  newly  developed  piezoelectric  materials  for  hybrid  MEMS  is  noted. 
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The  piezoelectric  properties  of  reiaxor  based  ferroelectric  single  crystals*  such  as 
Pb(Zn1/3Nbif3)03-PbTi03  and  PbCMg^Nb^JOj-PbTiOj  were  investigated  for  electromechanical 
actuators.  In  contrast  to  polycrystalline  materials  such  as  Pb(Zr,Ti)03,  morphotropic  phase 
boundary  compositions  were  not  essential  for  high  piezoelectric  strain.  Piezoelectric  coefficients 
(d33  s)>2500  pC/N  and  subsequent  strain  levels  up  to  >0.6%  with  minimal  hysteresis  were 
observed.  Crystallographically,  high  strains  are  achieved  for  (001)  oriented  rhombohedral  crystals, 
although  (1 1 1)  is  the  polar  direction.  Ultrahigh  strain  levels  up  to  1.7%,  an  order  of  magnitude  larger 
than  those  available  from  conventional  piezoelectric  and  electrostrictive  ceramics,  could  be 
achieved  being  related  to  an  E-field  induced  phase  transformation.  High  electromechanical  coupling 
(k33)>90%  and  low  dielectric  loss  <1%,  along  with  large  strain  make  these  crystals  promising 
candidates  for  high  performance  solid  state  actuators.  ©  1997  American  Institute  of  Physics 
[S002 1  -8979(97)005 16- 1] 


1.  INTRODUCTION 

Electromechanical  actuators  directly  transform  input 
electrical  energy  into  mechanical  energy.  Of  the  many  types 
of  actuator  materials  including,  magnetostrictive,  photostric- 
tive.  and  shape  memory  alloys,  piezoelectric  and  electrostric¬ 
tive  ceramics  are  widely  used  in  applications  requiring  high 
generative  force,  high  frequency  operation,  accurate  dis¬ 
placement.  quick  response  time,  or  small  device  size.1  Gen¬ 
erally,  among  the  material  properties  determining  actuator 
performance,  the  electric  field  (£-field)  induced  strain  is  the 
most  important  parameter  for  actuators.  This  is  demonstrated 
by  strain  energy  density  which  is  a  measure  of  the  energy  per 
unit  mass  an  actuator  can  deliver. 

^=l/p-l/4-[l/2-£(Jnm):],  (1) 

where  is  the  strain  energy  density,  £  is  the  actuator’s 
elastic  modulus,  in**  is  the  maximum  field  induced  strain, 
and  p  is  the  actuator’s  density.1  1/4  is  a  factor  appropriate  for 
an  actuator  with  its  impedance  matching  to  that  of  its  sur¬ 
roundings.  In  designing  an  actuator,  the  maximum  strain  en¬ 
ergy  density  should  be  as  high  as  possible.  In  electroactive 
ceramics,  density  and  elastic  modulus  vary  little  from  mate¬ 
rial  to  material,  therefore  the  level  of  strain  and  maximum 
strain  achievable  with  a  reasonable  electric  field 
(<50  kV/cm)  dominates  the  energy  density.  The  piezoelec¬ 
tric  coefficient  (dtj),  determining 'the  level  of  induced  strain 
at  a  given  electric  field,  is  the  most  widely  used  parameter 
describing  actuator  performance. 

It  is  the  objective  of  this  article  to  report  ultrahigh  piezo¬ 
electric  coefficients  (d33)  and  ultrahigh  strain  levels  with  low 
hysteresis  observed  for  single  crystals  of  reiaxor  perovskite 
Pb(Znt/3Nb2/3)03-PbTi03  (PZN-PT)  and  Pb(Mg1/3Nb^)03 
-PbTi03  (PMN-PT).  Strain  behavior  as  a  function  of 
£-field  will  be  discussed  with  respect  to  crystal  structure. 
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orientation,  domain  configuration,  and  anticipated  actuator 
performance. 

II.  BACKGROUND 

A.  Morphotropic  phase  boundary  and  electrostrictive 
ceramics 

Pb(Zr,_r,Tit)03  (PZT)  ceramics  have  been  the  main¬ 
stay  for  high  performance  actuator  applications.  Composi- 
tionally,  PZT  ceramics  lie  near  the  morphotropic  phase 
boundary  (MPB)  between  the  tetragonal  and  rhombohedral 
phases  as  shown  in  Fig.  1.  MPB  compositions  exhibit 
anomalously  high  dielectric  and  piezoelectric  properties  as  a 
result  of  enhanced  polarizability  arising  from  the  coupling 
between  two  equivalent  energy  states,  i.e.,  the  tetragonal  and 
rhombohedral  phases,  allowing  optimum  domain  reorienta¬ 
tion  during  the  poling  process.  Alternate  MPB  systems  can 
be  found  in  Relaxor-PbTi03,  also  as  shown  in  Fig.  1.  Lead 
based  reiaxor  materials  are  complex  perovskites  with 
the  general  formula  Pb(B,B2)03,  (Bl=Mg2+,Zn2+,Ni2+, 
Sc2+....  B2=Nb5+,Ta3+,W6+...).  It  is  characteristic  of  relax- 
ors  to  have  a  broad  and  frequency  dispersive  dielectric 
maxima.2 

To  achieve  a  high  piezoelectric  coefficient,  MPB-based 
ceramics  are  further  engineered  by  compositionally  adjusting 
the  Curie  temperature  ( Tc )  downward  relative  to  room  tem¬ 
perature.  The  effect  of  transition  temperature  ( Tc )  on  the 
piezoelectric  properties  is  clearly  evident  in  Fig.  2.  As 
shown,  the  room  temperature  values  of  d33  are  plotted  as  a 
function  of  Tc  for  a  variety  of  modified  PZT  ceramics,  in¬ 
cluding  Relaxor-PT  systems.  Enhanced  piezoelectric  activity 
of  MPB-based  ceramics,  achieved  by  compositionally  adjust¬ 
ing  Tc  downward  relative  to  room  temperature,  results  in 
“soft”  piezoelectric  ceramics.  This  enhanced  piezoelectric 
effect,  therefore,  comes  with  the  expense  of  more  tempera¬ 
ture  dependent  properties,  and  less  polarization  stability,  i.e., 
aging  and  loss  of  piezoelectric  activity.  Further  details  on  the 
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FIG.  I.  Ternary  diagram  depicting  MPBs  in  PZT  and  Relaxor-PT  systems 
for  piezoeiectnc  ceramic  (Ref.  19). 


FIG.  3.  Strain  vs  £-fie!d  behavior  for  various  electromechanical  ceramics. 


relationship  between  dielectric/piezoelectric  properties  and 
Curie  temperature  (7C)  of  piezoelectric  ceramics  can  be 
found  in  the  article  by  Park  et  al  * 

Most  importantly,  a  consequence  of  increased  piezoelec¬ 
tric  activity  for  these  “soft”  ceramics  is  large  hysteresis  in 
the  strain  versus  E-field  behavior  as  a  result  of  domain  mo¬ 
tion.  Strain  versus  E-field  behavior  for  PZT-5H  (Navy  type- 
VI)  is  shown  in  Fig.  3  as  an  example.  Although  the  piezo¬ 
electric  coefficient  (d33)  of  PZT-5H  ceramics  is  in  the  range 
0f  —600-700  pC/N4  (implying  ~ 0.06% -0.07%  strain  at  10 
kV/cm),  strain  as  high  as  0.1%  can  be  observed  at  10  kV/cm. 
This  enhanced  nonlinear  strain  is  the  result  of  domain  mo¬ 
tion.  and  therefore,  accompanied  by  significant  hysteresis, 
results  in  poor  positioning  accuracy.  The  area  within  the 
strain  versus  -  field  curve,  or  dielectric  loss,  also  results  in 
sienificam  heat  generation  during  operation.  Heat  generation 
combined  with  a  decreased  temperature  usage  range  results 
in  poor  temperature  stability  and  limits  these  ceramics  to  low 
frequency  applications. 

Strain  versus  E-field  hysteresis  can  be  minimized  with 
the  use  of  the  “hard”  piezoelectric  ceramics.  Hard  piezo¬ 
electric  ceramics  such  as  PZT-8  (Navy  type  III)  offer  very 
low  hysteresis  as  shown  in  Fig.  3.  However,  the  reduction  in 
hysteresis  and  loss  comes  at  the  expense  of  d33  and  subse¬ 
quent  strain  level.  Typically  d33  values,  for  hard  PZTs  range 
from  —  200  to  300  pC/N.4 


Another  category  of  ceramic  materials  used  in  commer¬ 
cial  actuators  are  electrostrictors.  Electrostrictive  strain  is 
proportional  to  the  square  of  polarization.  A  few  materials 
such  as  PMN  and  its  solid  solution  with  PT  exhibit  signifi¬ 
cant  electrostrictive  strain  (>0.1%)  with  virtually  no  hyster¬ 
esis  as  shown  in  Fig.  3.  Effective  d33’s>  — 800  pC/N  calcu¬ 
lated  directly  from  the  strain  versus  E-field  curve  can  be 
achieved,  but  only  over  a  very  narrow-  range  of  E  field  and 
temperature.  For  hard  piezoeiectnc  and  electrostrictive  ce¬ 
ramics.  strain  level  with  low  hysteresis  does  not  exceed 
0.15%.  This  limitation  originates  from  the  material’s  dielec¬ 
tric  breakdown  strength  and  polarization  saturation. 

In  summary,  piezoelectric  and  electrostrictive  ceramics 
offer  strain  levels  up  to  -0.15%.  Soft  PZTs,  exhibiting  pi¬ 
ezoelectric  coefficients  (d33)  as  high  as  750  pC/N,  are  inher¬ 
ently  limited  due  to  hysteresis  caused  by  domain  motion. 
Hysteresis  can  be  minimized  with  the  use  of  hard  piezoelec¬ 
tric  ceramics,  but  d33  values  of  only  — 200-300  pC/N  are 
available.  Even  though  electrostrictive  ceramics  offer  effec¬ 
tive  d33’s— 800  pC/N.  maximum  strain  level  is  limited  by  its 
dielectric  breakdown  strength  and  polarization  saturation.  To 
achieve  E-fieid  induced  strain  levels  >0.15%,  electroactive 
materials  should  possess  high  piezoelectric  coefficients  (d33 
>  1000  pC/N)  and  high  dielectric  breakdown  strength. 
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FIG.  2.  Piezoelectric  coefficient  ( J3))  as  a  function  of  transition  temperature 
(Tc)  for  piezoelectric  ceramics,  including  PZT.  modified  PZTs,  and 
Relaxor- PT  systems.  Data  were  compiled  from  references,  commercial  bro¬ 
chures,  and  internal  investigations. 


B.  Single  crystal  piezoelectrics 

Single  crystal  piezoelectrics  such  as  quartz  (SiC^), 
lithium  niobate  (LiNb03),  and  the  analogue  lithium  tantalate 
(LiTa03)  are  widely  employed  in  specific  applications  that 
include  oscillators,  surface  acoustic  wave  (SAW)  devices, 
and  in  optics.  In  contrast  to  PZT  ceramics,  however,  these 
single  crystals  offer  inferior  piezoelectric  properties,  with 
d33Ts<50pC/N. 

Attempts  to  grow  single  crystals  of  MPB  PZTs  have 
been  made  by  numerous  researchers,  resulting  in  crystallites 
too  small  to  allow  adequate  property  measurements.  In 
contrast  to  PZT  crystal  growth.  relaxor-PT  materials  can  be 
readily  grown  in  single  crystal  form.  This  key  distinction 
was  realized  by  Nomura  and  co-workers  for  the  PZN  and 
PZN-PT  systems1011  and  later  by  Shrout  for  the  PMN-PT.12 
In  general,  most  Pb(B, .B^-PT  crystals  can  be  grown  by 
high  temperature  solution  growth  using  Pb-based  fluxes. 
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Piezoelectric  coefficients  as  high  as  ~1500pC/N  have 
been  reported11*12  for  MPB  Relaxor-PT  crystals.  However,  it 
should  be  noted  that  piezoelectric  coefficients  are  generally 
determined  using  low-field  (<0.1  kV/cm)  techniques  such 
as  the  resonance  method  (IEEE  standard).15  Therefore,  direct 
observation  of  the  strain  versus  £-field  behavior  is  essential 
in  order  to  investigate  hysteresis  and  maximum  levels  of 
strain,  key  experiments  to  directly  confirm  actuator  perfor¬ 
mance.  In  relation  to  actuators,  several  questions  arise: 

(1)  How  do  the  high  d33  values  determined  using  low  field 
techniques  correlate  to  direct  measurements?  As  for  pi¬ 
ezoelectric  and  electrostricrive  ceramics,  will  the  strain 
level  saturate  with  increased  £  field? 

(2)  How  much  hysteresis  accompanies  the  strain? 

(3)  Is  morphotrophy  essential  for  enhanced  piezoelectric 
properties? 

(4)  Are  there  optimum  crystallographic  cuts  as  in  the  case  of 
the  other  piezoelectric  crystals? 

In  the  following  sections,  we  will  attempt  to  answer 
these  questions,  reporting  piezoelectric  properties  and  direct 
observation  of  strain  behavior  as  a  function  of  crystallo¬ 
graphic  orientation  and  electric  field  for  Relaxor-PT  single 
crystals. 

Commonalties  inherent  to  Relaxor-PT  systems  have 
been  discussed  in  reviews  by  Shrout16  and  Randall.17  Based 
on  these  commonalties,  our  research  was  limited  to  two  rep¬ 
resentative  systems,  PZN-PT  and  PMN-PT.  Although 
PMN-PT  MPB  crystals  exhibit  piezoelectric  properties  com¬ 
parable  with  PZN-PT,  more  focus  was  given  to  the  PZN 
system  owing  to  its  relatively  lower  PT  content  for  MPB, 
allowing  more  uniform  crystal  growth  of  these  solid  solution 
materials. 

III.  EXPERIMENTAL  PROCEDURE 

A.  Crystal  growth 

Crystals  of  PZN,  PMN,  and  their  solid  solutions  with  PT 
were  grown  using  the  high  temperature  flux  technique.  High 
purity  (>99.9%)  powders  of  Pb30.i  (Aldrich,  WI),  ZnO 
(Johnson  Matthey,  MA),  MgC03  (Johnson  Matthey,  MA)t 
Nb205  (Aldrich,  WI),  and  TiO;  (Aldrich,  WI)  were  used. 
Raw  powders  were  weighed  with  desired  molar  ratio  with 
excess  Pb3Oa  as  a  flux.  The  powders  were  dry  mixed  for  a 
desired  period  of  time  using  a  tumbling  mill.  The  mixed 
powders  were  loaded  into  a  Platinum  crucible,  which  was 
placed  in  an  alumina  crucible  sealed  with  an  alumina  lid  and 
alumina  cement  to  minimize  PbO  volatilization.  The  crucible 
and  powder  were  placed  in  a  tube  furnace  and  held  at  soak 
temperatures  (1 100-1200  °C),  followed  by  slow  cooling  (1- 
5  °C/h).  The  crucible  was  then  furnace-cooled  to  room  tem¬ 
perature.  Hot  HN03  is  used  to  separate  the  crystals  out  of  the 
-rest  of  the  melt.  Typically  crystal  size  ranged  from  3  to  20 
mm.  Further  details  on  the  flux  growth  technique  of  these 
crystals  can  be  found  in  Refs.  13  and  14. 

B.  X-ray  diffraction  (XRD)  analysis 

Single  crystals  were  ground  into  a  fine  powder  for  XRD 
analysis  ranging  from  20°  to  80°  20  with  a  step  size  of  0.01 


FIG.  4.  An  as  grown  crystal,  an  aligned  sample  using  the  Laue  camera,  a  cut 
and  polished  sample,  an  electroded  sample  for  direct  strain  observation  as 
well  as  for  low  field  planar  mode  resonant  sample,  and  a  low  field  longitu¬ 
dinal  mode  resonant  sample,  for  PZN-9.5%PT,  respectively  (from  left  to 
right). 

and  a  counting  time  of  3  s,  in  order  to  confirm  phase  pure 
perovskite  and  to  calculate  lattice  parameter.  Individual  crys¬ 
tals  were  oriented  along  various  crystallographic  directions 
such  as  their  pseudocubic  (001)  and  the  (111)  axis  using  a 
Laue  back  reflection  camera. 

C.  Electrical  characterization 

Dielectric  and  piezoelectric  properties  were  measured 
using  direct  observation  of  strain  as  a  function  of  electric 
field  as  well  as  iow-field  property  measurements  using  the 
IEEE  resonance  technique.15  For  electrical  characterization, 
samples  were  prepared  by  polishing  with  silicon  carbide  and 
alumina  polishing  powders  to  achieve  flat  and  parallel  sur¬ 
faces  onto  which  gold  electrodes  were  sputtered.  High-field 
measurements  included  polarization  and  strain  hysteresis  us¬ 
ing  a  modified  Sawyer-Tower  circuit  and  linear  variable  dif¬ 
ferential  transducer  (LVDT)  driven  by  a  lock-in  amplifier 
(Stanford  Research  Systems,  Model  SR830).  Plate  shape 
samples  with  thickness  ranging  from  0.2  to  0.5  mm  were 
used.  Electric  fields  as  high  as  - 140  kV/cm  were  applied 
using  an  amplified  unipolar  wave  form  at  0.2  Hz,  using  a 
Trek  609C-6  high  voltage  dc  amplifier.  During  testing  the 
samples  were  submerged  in  Flourinert  (FC-40,  3M,  St.  Paul, 
MN),  an  insulating  liquid,  to  prevent  arcing.  For  piezoelec¬ 
tric  coefficient  (</33)  determination,  bar  shape  samples  with 
lengths  ranging  from  3  to  5  ram  were  tested.  Samples  were 
poled  either  by  field  cooling  (10  kV/cm)  from  temperatures 
above  the  dielectric  maximum  temperature  ( T „**)  or  by  ap¬ 
plying  40  kV/cm  at  room  temperature.  Figure  4  presents, 
from  left  to  right,  a  representative  of  an  as  grown  crystal,  an 
aligned  sample  using  the  Laue  camera,  a  cut  and  polished 
sample,  an  electroded  sample  for  direct  strain  observation  as 
well  as  for  low  field  planar  mode  resonant  sample,  and  a  low 
field  longitudinal  mode  resonant  sample,  for  PZN-9.5%  PT, 
respectively. 

IV.  RESULTS  AND  DISCUSSION 
A.  Low  field  measurements 

Piezoelectric  coefficients  as  a  function  of  composition 
and  crystal  orientation  for  PZN-PT,  calculated  based  on 
IEEE  standards,  are  presented  in  Fig.  5.  As  shown,  large 
piezoelectric  coefficients  (dx~~  1600  pC/N)  were  found  for 
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PZN-FT  with  MPB  compositions  (9.5%  PT).  as  previously 
reported  by  Kuwara11  PMN-PT  crystals  with  MPB  compo¬ 
sitions  (PMN-35%  PT)  also  exhibited  large  piezoelectric  co¬ 
efficients  (d33—  1500  pC/N)-3  It  should  be  noted,  however, 
that  all  rhombohedral  crystals  oriented  along  their  pseudocu- 
bic  (001)  direction  exhibited  large  piezoelectric  coefficien  . 

As  shown  in  Fig.  5.  d»  increased  with  increased  amount  of 
PbTiO,  for  (001)  oriented  rhombohedral  crystal.  Maximum 
d  values  of  ~  2500  pC/N  were  determined  with  rhombobe- 
dral  PZN-8%  PT  crystals  oriented  along  (001).  In  contrast  to 
PZTs,  d33  dramatically  decreases  at  MPB  »  levels 
~ 500 pC/N  for  tetragonal  composition.  Although  (111)  is 
the  polar  direction  for  rhombohedral  crystals,  such  cuts  ex¬ 
hibited  a  low  piezoelectric  coefficient  as  shown  in  Fig.  5.  In 
the  following  section  the  origin  of  apparent  anisotropy  w 
be  discussed  by  direct  strain  observation  as  a  function  0 

electric  field. 

B.  Domain  (in)stability  and  associated  anisotropy 

Table  I  presents  dielectric  and  P^deC.™ 
for  two  rhombohedral  crystals,  pure  PZN  and  PZN-8/c  . 
as  a  function  of  crystallographic  orientation.  Dielectnc  os 
values  as  1  %  and  electromechanical  coupling  constant  values 
( 90% .  attractive  for  transducer  applications  and  essen¬ 
tial  for  hi  eh  performance  solid  state  acmators.couldbe 
achieved  with  (001)  oriented  crystals,  with  further  derails 
found  in  Ref.  3.  (001)  oriented  rhombohedral  crystals  exhib¬ 
ited  ultrahieh  piezoelectric  coefficients  (<*»)  °t 

—  1 100  pC/N  (PZN)  up  to  2500  pC/N  (PZN-8%  PT),  and 
da  values  increased  with  increased  PbTi03  content  as  pre¬ 
sented  in  Fie.  5.  However,  electromechanical  couplings 
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FIG  6.  Polarization  and  strain  vs  E-field  (bipolar)  curves  for  PZN  crystals 
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(k,.)  and  piezoelectric  coefficients  (d3J)  of  <l  ll>  °™nted 
rhombohedral  crystals  are  only  -35%  and  -80pC/N.  re- 
soectivelv.  reeardless  of  composition.  This  composition  m 
dependence  of  piezoelectric  properties  must  have  origins 

other  than  the  inherent  crystallographic  anisotropy. 

Polarization  and  strain  as  a  function  of  £  field  (bipolar) 
for  (1 1 1)  oriented  PZN  crystal  are  presented  tn  Figs.  6(a)  mid 
6(b)  respectively.  Subsequent  unipolar  strain  behavior  after 
poline  (fold  cooline  under  20  kV/cm  from  200  C to  room 
temperature!  is  sho^n  in  Fig.  7(a).  As  (111)  is  polar  direc¬ 
tion  complete  poling  results  in  a  single  domain  state  and 
piezoelectric  strain  behavior  is  expected  to  be  hysteresis  free 
for  (1 1 1)  poled  PZN  crystals.  However,  as  shown  m  Fig.  7(a) 
significant  hvsteresis  together  with  abnormally  high  strain 
values  (0  1 %  at  10  kV/cm)  indicates  domain  reonenranon 
under  bias,  as  discussed  in  Sec.  n  A.  Domain  motion  along 
with  increased  strain  must  include  109°  or  7l!  dom“"  re°" 
entation.  starting  at  £-2  kV/cm  in  this  case  [Fig.  7(a)],  fol¬ 
lowed  by  strain  saturation.  It  should  be  noted  that  remnant 
strain  values  of  -0.04%  after  £  field  is  removed  and.  ongi 
nal  sample  dimension  recovered  its  zero  strain  pom  ^a  few 
seconds  after  £  field  is  removed,  as  presented  in  Fig.  7(a). 
This  behavior  obviously  reflects  domain  mouon.  includmg 

depoling  as  well  as  reorientation.  As  in  case  of  soft  ce- 


Crystal 

orientation 

III 


Composition  Mode 


PZN 
PZN-S^PT 


*33 

*33 


Coupling 

Sf5  (10-'J  m;/N) 

constant 

Loss 

(pC/N) 

0.38 

0.39 

7.4 

7.4 

900 

1000 

0.012 

0.012 

83 

84 

0.85 

0.94 

48 

130 

3600 

5000 

0.008 

0.010 

1100 

2500 

i  t  Q  Rhrout  1807 


J.  ADOl.  Pbvs..  Vol.  82.  No.  4.  15  August  1997 


Ill  001 


FIG.  7.  Strain  vs  E-field  (unipolar)  curves  for  PZN  crystals  oriented  along 
(111)  (a)  and  ^001)  (b). 


ramies,  this  domain  motion  is  the  origin  of  abnormally  high 
strain  values  and  hysteresis.  Piezoelectric  coefficient  (d33) 
values  ~  80  pC/N  determined  by  low-field  resonance  tech¬ 
nique  could  be  explained  by  the  slope  of  strain  versus  E  field 
at  low  field  region,  as  given  in  Fig.  7(a).  Various  d33’s  cal¬ 
culated  by  the  slope  of  strain  versus  £  field  are  given,  too. 
Therefore,  the  inferior  piezoelectric  properties  of  (111)  ori¬ 
ented  rhombohedral  crystals  detected  by  the  low-field  reso¬ 
nance  method  are  strongly  related  to  domain  instability. 
Complete  domain  orientation  and  single  domain  configura¬ 
tion  under  bias  may  cause  elastic  energy  in  crystals  to  in¬ 
crease.  however,  resulting  in  depoling  after  removing  E  field. 

In  contrast,  the  domain  configuration  of  (001)  oriented 
rhombohedral  crystals  was  found  to  be  stable.  Polarization 
and  strain  versus  £-field  (bipolar)  curves  of  (001)  oriented 
PZN  crystals  are  presented  in  Figs.  6(c)  and  6(d),  respec¬ 
tively.  Domain  switching  by  bipolar  field  abruptly  occurs  at 
Ee  (  —  3  kV/cm),  similar  behavior  found  with  single  domain 
ferroelectric  crystals.  Schematics  of  domain  configurations 
for  (001)  poled  rhombohedral  crystals  are  shown  in  Fig.  8. 
Since  (1 11)  is  the  polar  direction.  (001)  poled  crystals  must 
have  the  configuration  that  each  domain  has  one  of  four  pos¬ 
sible  polar  directions  -  (111),  (-111),  (1-11),  and  (-1-11). 
Remnant  polarization  (Pr~25  /iC/cmz)  of  (001)  oriented 
rhombohedral  PZN  crystal  must  be  1/V3  of  (111)  oriented 
crystal’s  according  to  Fig.  8,  which  explains  ~25  fiC/crar 
for  Pr  ( oon  out  of  Pf  <lll)~43  yuC/cm2.  Therefore,  abrupt 
domain  switching  at  Ec  (—3  kV/cm)  is  expected  to  be  71° 
domain  switching,  as  shown  in  Fig.  8.  In  Fig.  7(b),  (001) 
poled  PZN  crystals  exhibit  almost  hysteresis-free  strain  be¬ 
havior,  a  consequence  of  engineered-domain  stability.  From 
the  slope  of  strain  versus  £-field  curve  revealed  a  d33  value 
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FIG.  8.  Schematics  of  engineered  domain  configuration  for  <00 1)  poled 
rhombohedral  crystals. 
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FIG.  9.  Schematic  diagram  of  sample  preparation  for  investigating  optimum 
crystallographic  orientation. 


of  1 100  pC/N,  as  determined  by  low-field  resonance  tech¬ 
nique.  This  behavior  for  <00 1)  oriented  rhombohedral  crys¬ 
tals  will  be  discussed  in  Sec.  IV  C. 

The  observed  domain  (in)stability  as  a  function  of  crys¬ 
tallographic  orientation  holds  for  all  rhombohedral  crystals 
of  PZN-PT  and  PMN-PT.  Owing  to  low  hysteresis  as  well  as 
ultrahigh  piezoelectric  coefficient  (d33),  (001)  oriented 
rhombohedral  crystals  may  be  attractive  candidates  for  ac¬ 
tuators.  Although  domain  (in)stability  is  clearly  a  function  of 
crystallographic  orientation,  in  situ  domain  observation  using 
optical  microscopy  is  necessary  and  will  be  reported 
elsewhere.18 


C.  Optimum  crystallographic  orientation 

As  discussed  in  Sec.  IT  B.  optimum  crystallographic  cuts 
was  one  of  the  merits  uniquely  utilized  with  single  crystals. 
For  conventional  piezoelectric  single  crystals,  however,  an 
“optimum  cut”  was  determined  from  a  single  domain  crys¬ 
tal.  whereas  engineered  multidomain  state  is  being  utilized  in 
this  study.  The  term  “optimum  orientation”  includes  crys¬ 
tallographic  direction  not  only  for  poling  but  for  actuator 
driving  to  obtain  hysteresis  (strain)  values  as  low  (high)  as 
possible,  respectively. 

Although  it  was  determined  that  (001)  is  superior  to 
(111),  multidomain  rhombohedral  crystals  may  allow  other 
crystallographic  directions  as  optimum  for  higher  strain  val¬ 
ues  with  comparably  low  hysteresis.  To  investigate  this  pos¬ 
sibility,  piezoelectric  samples  oriented  along  (001)  +  a  were 
made,  where  a  is  the  degree  of  deviation  from  (001)  toward 
(111),  as  shown  in  Fig.  9,  using  PZN-4.5%  PT  crystal.  In 
Fig.  10  remnant  polarization  ( Pr )  approaches  the 
value  (~ 43/iC/cm2)  as  orientation  (a)  approaches  (111) 
(54.7°),  respectively.  The  Ec  value  also  increases  with  in¬ 
creased  a.  Figure  11  presents  unipolar  strain  behavior  as  a 
function  of  a  for  (001)  poled  PZN-4.5%  PT  crystals.  At  low 
field,  strain  values  do  not  vary  significantly  as  a  function  of 
cl,  attributed  to  strain  induced  by  domain  reorientation  when 
a*  0.  For  example,  the  strain  value  of  a  sample  (a=  10°)  is 
higher  than  that  for  a  (001)  oriented  sample  (a- 0°).  This 
increased  domain  motion  with  increased  a  is  presented  in 
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FIG.  10.  Ferroelectric  hysteresis  for  PZN-4.57CPT  crystals  oriented  along 
(001)+  a,  where  a  is  the  degree  of  deviation  from  (001)  toward  (111),  (a) 
a* 0°,  (b)  a=  10°,  (c)  a  =  20°.  (d)  30°.  (e)  a  =  40°. 


Fig.  12,  with  hysteresis  versus  a  calculated  from  the  area  of 
polarization  versus  unipolar  £-field  curves  (20  kV/cm).  The 
amount  of  hysteresis  can  be  translated  into  degree  of  depol- 
ing,  because  more  depoling  consequently  involves  more  do¬ 
main  reorientation,  resulting  in  increased  hysteresis.  There¬ 
fore,  domain  becomes  more  unstable  with  the  increased  a. 
From  these  observations,  the  closer  to  (001)  the  rhombohe- 
dral  crystal  orientation  is,  the  more  stable  the  domain  con¬ 
figuration  and  the  higher  the  strain  value  are  achieved. 
Therefore  the  optimum  crystallographic  orientation  is  (001). 

High-field  strain  behavior  is  shown  in  Fig.  13  for  (001) 
oriented  PZN-4.5%PT  crystals.  Strain  saturation  becomes 
more  significant  as  a  increases  (orientation  approaches 
(111)).  At  high  fields,  strain  level  decreases  with  increased  a. 
the  result  of  polarization  saturation  and  subsequent  strain 
saturation.  However  crystals  oriented  close  to  (001)  (a 
<20°)  exhibit  no  saturation,  and  furthermore,  an  apparent 
jump  in  strain  to  values  over  1%.  The  question  arises,  does 
this  strain-jump  originated  from  domain  reorientation?  This 
question  is  addressed  in  Sec.  IVD. 


FIG.  12.  Hysteresis  as  a  function  of  a  where  cr  is  the  degree  of  deviation 
from  (001)  toward  (111).  Hysteresis  values  are  calculated  from  the  area  of 
unipolar  polarization  curve  when  maximum  £  field  is  20  kV/cm. 


D.  Strain  versus  E-f1e!d  behaviors  tor  (001)  oriented 
rhombohedral  crystals 

Strain  as  a  function  of  electric  field  for  various  (001) 
oriented  rhombohedral  crystals  (pure  PZN,  PZN-4.5%PT, 
PZN-8<7rPT,  and  PMN-24%PT)  are  presented  in  Fig.  14. 
Also.  £-fie!d  induced  strains  of  various  electromechanical 
ceramics  such  as  soft  PZT  (PZT-5H),  hard  PZT  (PZT-8)  and 
electrostricrive  ceramics  (PMN-PT)  are  compared.  Piezo¬ 
electric  coefficients  (tf33)  directly  calculated  from  the  slope 
of  strain  versus  electric  field  curves  confirmed  the  piezoelec¬ 
tric  coefficients  determined  by  the  low-field  resonance 
method.  Strains  as  high  as  0 .6rc  were  observed  with  low 
hysteresis  for  these  crystals,  significantly  larger  than  that  for 
polycrystalline  ceramics.  The  limitation  of  achievable  strain 
for  polycrystalline  ceramics  is  the  result  of  low  piezoelectric 
coefficient,  polarization  saturation,  and  subsequent  saturation 
on  strain  and  breakdown  strength. 

Figure  15  schematically  presents  engineered  domain 
states  and  their  piezoelectric  response  under  bias  for  rhom¬ 
bohedral  crystals  oriented  and  poled  along  (001).  When  ac- 


Electric  Field  (kV/cm) 

FIG.  11.  Strain  vs  £-field  (unipolar)  PZN-4.5%PT  crystals  oriented  along 
(001)  +  a.  where  a  is  the  degree  of  deviation  from  (001)  toward  (111),  (a) 
a-0°,  (b)  a- 10°,  (c)  a-20°,  (d)  er« 30°.  (e)  a-40°. 


Electric  Field  (kV/cm) 


FIG.  13.  Strain  vs  £-field  (unipolar)  PZN-i.5%PT  crystals  oriented  along 
(001) -*•  a.  where  a  is  the  degree  of  deviation  from  (001)  toward  (111). 
Maximum  field  is  limited  either  by  dielectric  breakdown  or  by  voltage  limit 
of  the  apparatus. 
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FIG.  14.  Strain  vs  £-fie!d  behavior  for  <001)  oriented  rhombohedral  crystals 
of  PZN-PT  and  PMN-PT  and  for  various  electromechanical  ceramics. 


tuation  is  induced  by  an  £  field  along  (001),  the  polar  direc¬ 
tion  is  expected  to  incline  close  to  the  £-field  direction  in 
each  domain  (step  A  in  Fig.  15),  possibly  resulting  in  in¬ 
creased  rhombohedral  lattice  distortion.  Domain  reorienta¬ 
tion  is  not  necessary  during  this  step  because  neighboring 
domains  must  involve  equal  amount  of  induced  distortion, 
nullifying  all  strains  in  individual  domains,  the  reason  of 
stable  domain  configuration  and,  therefore,  the  origin  of 
hysteresis-free  or  low-hysteresis  strain  behavior  for  (001) 
oriented  rhombohedral  crystals. 

Strain  saturation  for  (001)  oriented  rhombohedral  crys¬ 
tals  was  investigated  until  dielectric  breakdown,  as  presented 
in  Fig.  16.  Far  from  saturation,  the  strain  abruptly  increased 
with  strain  levels  as  high  as  0.8%  being  achieved  for  all 
crystals  tested.  Strain  levels  >1.2%  for  the  PZN-4.5%PT 
crystal  were  the  result  of  higher  breakdown  voltage  (com¬ 
pared  with  Fig.  13).  The  observed  strain  behavior  is  believed 
to  be  associated  with  an  E-field  induced  rhombohedral— 
tetragonal  phase  transition.  Polarization  inclination  towards 
(001)  finally  result  in  collapse  of  all  polarizations  into  the 
(001)  direction,  step  B  in  Fig.  15.  This  E-field  induced  phase 
transition  is  more  apparent  in  Fig.  17,  presenting  the 
E-field  induced  strain  behavior  of  the  (001)  oriented  PZN- 


no  bias,  after  poling  under  bias  along  <00l>  . 


FIG.  15.  Schematic  diagram  of  domain  configurations  in  (001)  oriented 
rhombohedral  crystals  under  bias  (step  A-piezoelectricity,  step  R -induced 
phase  transition). 


Electric  Field  (kV/cm) 


FIG.  16.  Strain  vs  £-field  behavior  for  (001)  oriented  rhombohedral  crystals 
of  PZN-PT  and  PMN-PT  and  for  various  electromechanical  ceramics.  Maxi¬ 
mum  field  was  limited  either  by  dielectric  breakdown  or  by  voltage  limit  of 
the  apparatus. 


8%PT  crystal.  At  -120  kV/cm,  the  induced  strain  along 
with  high  dielectric  breakdown  strength  resulted  in  a  strain 
levels  as  high  as  1.7%.  The  piezoelectric  coefficient  (d33) 
—480  pC/N  calculated  directly  from  the  slope  of  strain  ver¬ 
sus  E  field  in  the  high  field  region  (between  40  and  120 
kV/cm  in  Fig.  17)  corresponded  to  values  determined  for 
tetragonal  phase  with  a  d33  value  (— 500pC/N,  in  Fig.  5). 
Individual  steps  of  piezoelectricity  (step  A)  and  phase  tran¬ 
sition  (step  B)  shown  in  Fig.  15  are  given  in  Fig.  17.  Al¬ 
though  phase  transition  is  a  likely  explanation  for  the  ultra- 
high  strain  level,  direct  observation  of  phase  transition  using 
in  situ  XRD  is  required. 

V.  CONCLUSION 

Pseudocubic  (001)  oriented  relaxor  based  rhombohedral 
crystals  such  as  (1  -.t)PZN-xPT  (x<0.09)  and  (1 
— .t)PMN-xPT  (x<0.35)  exhibited  actuation  levels  not 
available  with  current  piezoelectric  ceramics.  Ultrahigh  pi¬ 
ezoelectric  coefficients  (d33)>  —  2500  pC/N  and  strain  levels 
up  to  0.6%  with  low  hysteresis  were  observed.  Optimum 
crystallographic  orientation  was  found  to  be  pseudocubic 
(001)  for  rhombohedral  crystals,  exhibiting  high-strain  and 
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FIG.  17.  Strain  vs  E-field  behavior  for  (001)  oriented  PZN-8%PT  crystal. 
Maximum  field  is  limited  by  voltage  limit  of  the  apparatus. 
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low-hysteresis  behavior.  Domain  instability  could  explain 
the  composition  independently  inferior  piezoelectric  proper¬ 
ties  for  <111)  oriented  rhombohedral  crystals.  Ultrahigh 
strain  levels  up  to  1.7%  could  be  achieved  for  <001)  oriented 
rhombohedral  single  crystals  as  a  result  of  E-field  induced 
rhombohedral-tetragonal  phase  transition.  Other  relaxor 
based  rhombohedral  crystals  are  expected  to  exhibit  similar 
strain  versus  E-field  behavior.  «00I)  textured  polycrystalline 
thin  films  and  bulk  ceramics  are  also  expected  to  exhibit  high 
strain  behaviors.)  Although  clearly  promising  candidates  for 
high  performance  actuators,  further  investigation  into  crystal 
growth  and  prestress  testing  are  required  for  single  crystal 
piezoelectrics  to  become  the  next  generation  material  of  ac¬ 
tuators. 
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Abstract — For  ultrasonic  transducers,  piezoelectric  ce¬ 
ramics  offer  a  range  of  dielectric  constants  (K  ~ 
1000-5000),  large  piezoelectric  coefficients  (djj*  ^  200- 
700  pC/N),  and  high  electromechanical  coupling  (kr  — 
50%,  fc33  5*  75%).  For  several  decades,  the  material  of  choice 
has  been  polycrystalline  ceramics  based  on  the  solid  solu¬ 
tion  Pb(Zri_a,,Tix)03  (PZT),  compositionally  engineered 
near  the  morphotropic  phase  boundary  (MPB).  The  search 
for  alternative  MPB  systems  has  led  researchers  to  re¬ 
visit  relaxor-based  materials  with  the  general  formula, 
Pb(Bi,B2)03  (Bi:Zn3+,  Mg3+,  Sc3+,  Ni3+ . . . ,  Ba:Nb5+, 
Ta5+  . . . ).  There  are  some  claims  of  superior  dielectric  and 
piezoelectric  performance  compared  to  that  of  PZT  materi¬ 
als.  However,  when  the  properties  are  examined  relative  to 
transition  temperature  (Tc),  these  differences  are  not  signif¬ 
icant.  In  the  single  crystal  form,  however,  Relaxor-PT  ma¬ 
terials,  represented  by  Pb(Zni/3Nb2/3)C>3 — PbTi03  (PZN- 
PT),  Pb(Mgi/3Nb2/3)03— PbTiOs  (PMN-PT)  have  been 
found  to  exhibit  longitudinal  coupling  coefficients  (Je33)  > 
90%,  thickness  coupling  (fcr)  >  63%,  dielectric  constants 
ranging  from  1000  to  5000  with  low  dielectric  loss  <  1%, 
and  exceptional  piezoelectric  coefficients  d33  >  2000  pC/N, 
the  later  promising  for  high  energy  density  actuators.  For 
single  crystal  piezoelectrics  to  become  the  next  generation 
material  of  ultrasonic  transducers,  further  investigation  in 
crystal  growth,  device  fabrication  and  testing  are  required. 


I.  Introduction 

» 

INNOVATIONS  IN  transducer  design  continues  to  be  the 
driving  force  for  the  development  of  new  piezoelectric 
materials.  Electromechanical  coupling  (fctj),  dielectric  con¬ 
stant  ( K )  and  acoustic  impedance  (Z)  are  the  most  im¬ 
portant  parameters  which  determine  the  performance  of 
an  ultrasonic  imaging  system.  Material  characteristics  as¬ 
sociated  with  the  design  of  imaging  devices  have  been  re¬ 
viewed  by  Gururaja  [1]  and  Smith  [2].  Piezoelectric  ceram¬ 
ics  are  currently  the  material  of  choice  offering  relatively 
high  coupling,  a  wide  range  of  dielectric  constants,  and  low 
dielectric  loss.  These  merits  translate  into  transducer  per¬ 
formance  in  the  form  of  relatively  high  sensitivity,  broad 
bandwidth,  and  minimal  thermal  heating.  Two  approaches 
have  been  taken  to  couple  acoustic  energy  from  high  acous¬ 
tic  impedance  (Z  =  30  to  36  MRayls)  piezoelectric  ceram¬ 
ics  to  the  human  body  (Z  =  1.5  MRayls);  multiple  quarter 
wavelength  matching  layers  and/or  lower  impedance  com- 
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Fig.  1.  Ternary  diagram  depicting  MPBs  in  PZT  and  Relaxor-PT 
systems  for  piezoelectric  ceramics  [27]. 

posite  comprised  of  piezoelectric  ceramic  with  a  passive 
polymer.  Although  the  properties  can  be  tailored  to  meet 
various  device  requirements,  it  is  the  volume  ratio  of  the 
piezoelectric  ceramic  and  its  inherent  properties  that  are 
critical  to  transducer  performance. 

Pb(Zri_x,Tix)03  (PZT)  ceramics  have  been  the  main¬ 
stay  for  high  performance  transducer  applications.  Com¬ 
positionally,  PZT  ceramics  lie  near  the  morphotropic  phase 
boundary  (MPB)  between  the  tetragonal  and  rhombohe- 
dral  phases,  as  depicted  in  Fig.  1.  MPB  compositions  have 
anomalously  high  dielectric  and  piezoelectric  properties  as 
a  result  of  enhanced  polarizability  arising  from  the  cou¬ 
pling  between  two  equivalent  energy  states,  i.e.,  the  tetrag¬ 
onal  and  rhombohedral  phases,  allowing  optimum  domain 
reorientation  during  the  poling  process.  Further  modifica¬ 
tions  using  acceptor  and  donor  dopants  give  us  the  wide 
range  of  piezoelectric  compositions  we  have  today.  An  ex¬ 
cellent  review  on  piezoelectric  ceramics,  including  both 
modified  and  undoped  PZT  ceramics,  is  given  by  Jaffe  et 
al  [3],  published  in  1971. 


II.  Relaxor-Based  Piezoelectrics 

The  search  for  alternative  MPB  systems  other  than  that 
found  in  PZT  have  led  researchers  to  investigate  relaxor- 
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based  ferroelectrics  and  their  solid  solution  with  PbTiOa 
(PT).  Lead-based  relaxor  materials,  discovered  by  Soviet 
researchers  [4],  [5]  in  the  1950s,  are  complex  perovskites 
with  the  general  formula  Pb(BiB2)03,  (Bj  =  Mg2+,Zn2+, 
Ni2+ ,  Sc3+  ...,B2  =  Nb5+,  Ta5+,  \VC+  . . .  ).  Character¬ 
istic  of  relaxors  is  a  broad  and  frequency  dispersive  dielec¬ 
tric  maxima  [6].  These  relaxor  materials  and  their  solid 
solutions  with  PbTiOa  have  been  compiled  by  Landolt- 
Bornstein  [7]  with  numerous  MPB  systems  reported. 

Early  investigations  of  Relaxor-PT  ceramics  in  the  00s 
and  70s  were  plagued  with  inadequate  process  controls,  re¬ 
sulting  in  piezoelectric  ceramics  of  marginal  interest.  With 
the  advent  of  the  columbite  precursor  method  and  an  over¬ 
all  better  understanding  of  perovskite-pyrochlore  phase  re¬ 
lationship  and  corresponding  structure-property  relation¬ 
ships,  a  renewed  interest  in  the  Relaxor-PT  MPB  systems 
came  about.  The  wide  range  of  Relaxor-PT  MPB  systems 
have  been  recently  reviewed,  including  relevant  dielectric 
and  piezoelectric  properties  [8]. 

Several  of  the  Relaxor-PT  systems  are  summarized  in 
Table  I  and  schematically  shown  in  the  PbZrCVPbTiCV 
Pb(BiB2)03  ternary  system  in  Fig.  1.  In  contrast  to  the 
PZT  system,  the  amount  of  PT  associated  with  Relaxor- 
PT  MPB  is  in  general  less  than  that  for  PZT,  varving  from 
7%  for  PFN-PT  to  50  mole%  for  PYbN-PT.  In  PZT,  the 
MPB  is  relatively  insensitive  to  temperature.  However,  in 
Relaxor-PT  systems,  the  MPB  compositions  are  strongly 
temperature  dependent. 

In  recent  articles  on  Relaxor-PT  compositions,  includ¬ 
ing  new  MPB  systems,  e.g.,  PYbN-PT  [8],  modified  PSN- 
PT  [9],  and  materials  processed  using  hot  pressing  [10], 
there  are  claims  of  compositions  with  superior  dielectric 
and  piezoelectric  properties  compared  to  that  of  PZT  ce¬ 
ramics.  As  reported  in  Table  II,  these  claims  appear  to 
be  valid,  with  Relaxor-PT  ceramics1  offering  relatively 
high  dielectric  constants  (AT),  large  piezoelectric  coeffi¬ 
cients  (dij),  and  superior  electromechanical  coupling  co¬ 
efficients  ( kij ).  In  the  following  section,  however,  it  will 
be  shown  that  such  claims  are  misleading  and  must  be 
analyzed  with  respect  to  the  ferroelectric  materials  tran¬ 
sition  temperature.  This  temperature,  designated  by  Tc, 
is  the  temperature  at  which  the  material  transforms  from 
the  prototypical  nonferroelectric  to  ferroelectric  phase  be¬ 
ing  associated  with  a  spontaneous  polarization  and  large 
dielectric  anomaly.  The  importance  of  this  transition  tem¬ 
perature  with  respect  to  transducer  fabrication,  piezoelec¬ 
tric  activity,  etc.,  will  also  be  discussed. 


lfThe  term  “relaxor  ferroelectric”  is  used  herein  to  represent  all 
complex  perskovite  Pb(B]B2)C>3  systems  In  actuality,  relaxor  di¬ 
electric  behavior  only  occurs  for  those  systems  which  possess  short 
range  chemical  ordering  as  classified  by  Randall  et  ai  [24].  In  gen¬ 
eral,  however,  classical  relaxor  behavior  occurs  within  certain  com¬ 
positional  limits  for  all  Pb(Bj B2)C>3-PT  systems. 
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Fig  2  Piezoelectric  coefficient  (d 33)  as  a  function  of  transition  tem¬ 
perature  (Tc)  for  piezoelectric  ceramics,  including  PZT,  modified 
PZTs.  and  Relaxor-PT  systems  Data  were  compiled  from  references, 
commercial  brochures,  and  internal  investigations 


III.  Compositional  Engineering  of 
Piezoelectric  Ceramics 

Among  the  important  material  parameters  mentioned 
previously,  electromechanical  coupling  dielectric  con¬ 
stant  (AT),  and  associated  piezoelectric  coefficient  ( dij )  are 
the  key  parameters  to  be  compositionallv  engineered.  In 
general,  the  piezoelectric  properties  of  a  ferroelectric  ce¬ 
ramic  can  be  expressed  using  the  simplistic  term, 

dij~2QtJKe0Pl  •  (1) 

where  d is  the  piezoelectric  coefficient,  Pt  the  remnant 
polarization  on  poling,  K  the  dielectric  constant,  eQ  the 
permittivity  of  free  space,  and  QtJ  the  electrostriction  co¬ 
efficient.  Since  both  Qtj  and  P,  exhibit  little  dependence 
on  composition  or  temperature  below  Tc  in  ferroelectric 
ceramics  such  as  PZT,  the  piezoelectric  coefficient  dxj  and 
dielectric  constant  K  are  interrelated  (i.e.,  a  ceramic  with 
high  piezoelectric  coefficient  also  exhibits  a  large  dielectric 
constant).  To  achieve  a  high  dielectric  constant  or  piezo¬ 
electric  coefficient,  MPB-based  ceramics  are  further  en¬ 
gineered  by  compositionallv  adjusting  the  Curie  temper¬ 
ature  ( Tc )  downward  relative  to  room  temperature.  The 
effect  of  transition  temperature  ( Tc )  on  the  dielectric  and 
piezoelectric  properties  is  clearly  evident  in  Figs.  2  and  3. 

As  shown,  the  room  temperature  values  of  both  dxj  and 
K  are  plotted  as  a  function  of  Tc  for  a  variety  of  modified 
PZT  ceramics,  including  Relaxor-PT  systems,  rather  than 
a  tabulation  of  properties,  the  methodology  frequently 
available  in  company  brochures,  review  articles,  etc.  To 
achieve  both  high  dielectric  constant  and  corresponding 
piezoelectrically  “soft”  materials  generally  used  in  ultra¬ 
sonic  imaging,  requires  materials  with  relatively  low  Tc. 
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TABLE  I 

Morphotropic  Phase  Boundaries  in  Perovskite  Pb(BiB2)03-PT  Systems. 


Binary  System 

PT  content  on  MPB 

Tc  (Tc s  of  end  compounds) 

Ref. 

(1  -x)  Pb(Zn1/3Nb2/3)03  *  x  PbTiG3  (PZN-PT) 

x  Si  0.09 

~  180°C(140°C  —  490°C) 

28 

(1  -  i)  Pb(Mgl/3Nb2/3)03  -  i  PbTi03  (PMN-PT) 

x  *  0.33 

~  150°C(  — 10°C  —  490°C) 

29 

(1  -  x)  Pb(Mgi /3Ta2 /3  )03  -  x  PbTi03  (PMT-PT) 

x  £  0.38 

~  80°C(— 98°C  —  490°  C) 

8 

(1  -  x)  Pb(Ni1/3Nb2/3)03  -  x  PbTiOs  (PNN-PT) 

x  &  0.40 

~  170°C(— 120°C  —  490°  C) 

30 

(1  -  x)  Pb(Co1/3Nb2/3)03  -  x  PbTiOs  (PCoN-PT) 

X  Si  0.38 

~  250°C(— 98°C  -  490° C) 

31 

(1  -x)  Pb(Sc1/2Ta1/2)03  -  x  PbTiOs  (PST-PT) 

x  £  0.45 

~  205°C(26°C  —  490°C) 

32 

(1  -  x)  Pb(Sc1/2Nbi/2)03  -  x  PbTiOs  (PSN-PT) 

x  Si  0.43 

~  250°C(90°C  —  490°C) 

33,  34 

(1  -x)  Pb(Fe1/2Nb1/2)03  -  x  PbTiOs  (PFN-PT) 

x  Si  0.07 

~  140°C(110°C  —  490°C) 

8 

(1  -  x)  Pb(Ybi/2Nb1/2)03  -  x  PbTiOs  (PYbN-PT) 

x  Si  0.50 

~  360°C(280°C  —  490°  C) 

8 

(1  -  x)  Pb(In1/2Nb1/2)03  -  x  PbTiOs  (PIN-PT) 

x  Si  0.37 

~  320°C(90°C  -  4906C) 

35 

(1  -  x)  Pb(Mg1/2W1/2)Os  -  x  PbTiOs  (PMW-PT) 

x  Si  0.55 

~  60°C(39°C  —  490°C) 

36 

(1  -x)  Pb(Co1/2W1/2)Os  -  x  PbTi03  (PCoW-PT) 

x  Si  0.45 

~310°C(32°C-490°C) 

37 

(1  -  x)  PbZr03  -  x  PbTi03  (PZT) 

x  Si  0.48 

~  360°C(230°C  —  490° C) 

3 

TABLE  II 

Reported  Dielectric  and  Piezoelectric  Properties  for  Selected  PZT  and  Relaxor  Binary  Systems. 


Form 

Materials 

kp 

kt * 

^33 

*3  (pC/N) 

“I 

Tc  (°C) 

Ref. 

PZT-MPB  Composition 

Ceramics 

PZT  53/47 

0.52 

0.67 

220 

~  800 

360 

38 

(poly- 

crystalline) 

Modified  PZTs 

PZT-4  (Navy  I) 

0.58 

0.51 

0.70 

289 

1200 

330 

39 

PZT-8  (Navy  III) 

0.50 

0.44 

0.70 

220 

1000 

300 

39 

PZT-5  (Navy  II) 

0.60 

0.49 

0.70 

400 

2000 

360 

39 

PZT  5H  (Navy  VI) 

0.65 

0.50 

0.75 

590 

3500 

190 

39 

Relaxor- PT  MPB  Compositions 

0.7PMN-0.3PT 

0.50 

670 

5000 

145 

29 

0.67PMN-0.33PT 

0.63 

0.73 

690 

5000 

160 

29 

0.60PMN-0.40PZT(40/60) 

0.50 

— 

2370 

170 

40 

0.55PST-0.45PT 

0.61 

0.73 

655 

4000 

205 

32 

0.575PSN-0.425PT 

0.66 

0.55 

0.74 

389 

1550 

260 

9 

0.575PSN-0.425PT 

0.69 

0.52 

0.76 

504 

2540 

248 

9 

(l%Nb  doped) 

0.575PSN-0.425PT 

0.63 

0.53 

0.72 

359 

1480 

260 

9 

(2%  Sc  doped) 

0.58PSN-0.42PT 

0.71 

0.56 

0.77 

450 

2200 

260 

41 

0.5PNN-0.5PZT(35/65) 

0.45 

— 

370 

150 

42 

0.87PZN-0.05BT-0.08PT 

0.52 

0.49 

640 

5200 

150 

43 

Single 

95PZN-5PT 

0.86 

-  1500 

4000 

160 

t 

Crystals 

91PZN-9PT 

0.92 

~  1500 

2200 

190 

18,  19 

89PZN-11PT 

0.92 

620 

1000 

200 

t 

70PMN-30PT 

~  1500 

4000 

150 

20 

60PMN-40PT 

^  1500 

170 

20 

*  Reported  coupling  factors  often  do  not  follow  the  simplistic  equation,  ~  k*  +  *  fcr*  Based  on 

the  difficulties  in  accurately  determining  k t,  the  confirmation  of  values  should  be  made, 
t  T.  R.  Shrout,  unpublished  information. 
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Fig.  3.  Dielectric  constant  (A')  as  a  function  of  transition  tempera¬ 
ture  ( Tc )  for  piezoelectric  ceramics,  including  PZT.  modified  PZTs. 
and  Relaxor-PT  systems.  Data  were  compiled  from  references  com¬ 
mercial  brochures,  and  internal  investigations 


Fig  4  Longitudinal  coupling  coefficient  (A:;n)  as  a  function  of  tran¬ 
sition  temperature  ( Tc )  for  piezoelrct ric  ceramics,  including  PZT, 
modified  PZTs.  and  Relaxor-PT  systems  Data  were  compiled  from 
references,  commercial  brochures,  and  internal  investigations. 


However,  high  piezoelectric  coefficients  and  dielectric  con¬ 
stants  with  correspondingly  low  Tcs  come  with  the  expense 
of  more  temperature  dependent  properties  and  less  polar¬ 
ization  stability  (i.e.,  aging  and  loss  of  piezoelectric  ac¬ 
tivity).  As  a  general  rule  of  thumb,  piezoelectric  materials 
can  be  safely  used  to  approximately  1/2  Tc,  without  signif¬ 
icant  reduction  in  piezoelectric  activity.  This  can  restrict 
the  working  range  of  the  device  or  limit  fabrication  tech¬ 
niques.  During  the  fabrication  process  of  transducers,  the 
piezoelectric  material  may  experience  excessive  tempera¬ 
ture  due  to  cutting/dicing,  polymer  curing,  or  the  attach¬ 
ment  of  acoustic  matching/backing  materials.  Therefore, 
not  only  must  the  dielectric  and  piezoelectric  properties  of 
a  transducer  material  be  considered,  but  also  their  Tc. 

Electromechanical  coupling  factor  ( k tJ)  is  often  referred 
to  as  the  key  material  parameter  for  transducer  design  be¬ 
cause  it  measures  the  true  strength  of  the  piezoelectric 
interaction  once  the  elastic  and  dielectric  response  of  the 
medium  are  normalized  [11],  [12].  In  addition,  high  cou¬ 
pling  factor  corresponds  to  a  broad  bandwidth  response, 
which  offers  better  axial  resolution,  deeper  penetration, 
and,  most  importantly,  a  degree  of  engineering  freedom 
with  the ‘potential  of  operating  the  transducer  at  a  narrow 
frequency  regime  for  enhanced  sensitivity. 

Electromechanical  coupling  factor,  piezoelectric  coeffi¬ 
cient,  and  dielectric  constant  are  interrelated  by  the  fol¬ 
lowing  equation: 


(2) 


where  is  the  piezoelectric  coefficient.  K  is  the  dielectric 
constant,  s0  is  the  permittivity  of  free  space,  and  s,;  is  the 


elastic  compliance.  The  question  arises,  since  both  dx:  and 
A'  are  strongly  dependent  on  Tc ,  what  is  the  dependence  of 
coupling  ki:?  Fig.  4  presents  room  temperature  values  of 
A*33  (longitudinal  coupling)  as  a  function  of  Tc.  Important 
for  high  frequency  ultrasound  back-scattered  microscopy 
(UBM)  and  single  element  transducers,  kj  (thickness)  cou¬ 
pling  values  are  given  in  Fig.  5.  As  observed  for  both  cou¬ 
pling  coefficients,  no  relationship  with  Tc  was  evident.  It  is 
noted  that  the  most  widely  used  material  in  the  ultrasonic 
imaging  industry  has  a  Tc  ~  210°C  owing  to  the  materials 
relatively  high  dielectric  constant  and  coupling  coefficient 
while  providing  good  temperature  stability. 

In  summarizing  the  observations  presented  above,  the 
dielectric  and  piezoelectric  properties  of  piezoelectric  ce¬ 
ramics  are  strongly  related  to  the  transition  temperature 
Tc.  Upon  direct  comparison,  no  one  type  of  material, 
whether  PZT-based  or  Relaxor-PT,  offer  significant  ad¬ 
vantages  in  overall  transducer  performance.  The  question 
arises,  are  there  opportunities  for  new  piezoelectric  mate¬ 
rials  with  enhanced  properties?  To  answer  this  question, 
one  must  look  to  the  single  crystal  form  of  piezoelectric 
materials,  the  topic  of  the  following  section. 


IV.  Single  Crystal  Piezoelectric  Materials 

Single  crystal  piezoelectrics  such  as  quartz  (SiOj), 
lithium  niobate  (LiNbC^),  and  the  analogue  lithium  t&nta- 
late  (LiTaC>3)  are  widely  employed  in  specific  applications 
that  include  oscillators,  surface  acoustic  wave  (SAW)  de¬ 
vices,  and  in  optics.  In  contrast  to  PZT  ceramics,  these  sin¬ 
gle  crystals  offer  inferior  dielectric  and  piezoelectric  prop- 
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Fig.  5.  Thickness  coupling  coefficient  (fcT)  as  a  function  of  transition 
temperature  (Tc)  for  piezoelectric  ceramics,  including  PZT,  modified 
PZTs,  and  Relaxor-PT  systems.  Data  were  compiled  from  references, 
commercial  brochures,  and  internal  investigations. 


erties.  The  single  crystal  form  of  high  performance  PZTs 
has  been  the  research  interest  for  many  materials  scien¬ 
tists.  Attempts  to  grow  single  crystals  of  PZTs  have  been 
made  by  numerous  researchers,  resulting  in  crystallites  too 
small  to  allow  adequate  property  measurements  [13]— [17]- 
Though  Relaxor-PT  ceramics  were  not  shown  to  offer  en¬ 
hanced  dielectric  and  piezoelectric  properties  comparable 
to  PZT  ceramics  of  similar  Tc s,  they  can  be  readily  grown 
in  single  crystal  form.  This  key  distinction  was  realized 
by  Kuwata  et  al.  [18],  [19]  for  the  PZN  and  PZN-PT  sys¬ 
tems.  Following  this  work,  single  crystal  growth  of  PMN- 
PT  [20]  and  PSN-PT  [21],  etc.,  followed.  In  general,  most 
Pb(Bi,B2)03-PT  crystals  can  be  grown  by  high  tempera¬ 
ture  solution  growth  using  Pb-based  fluxes. 

Dielectric  and  piezoelectric  properties  for  several 
Pb(BiB2)03-PT  crystals  are  reported  and  compared  to 
their  polycrystalline  counterparts  in  Table  II.  As  pre¬ 
sented,  piezoelectric  coefficients  and  coupling  coefficients 
are  significantly  higher,  with  dzz  and  £33  values  greater 
than  1500  pC/N  and  90%,  respectively,  found  for  MPB 
compositions  in  both  the  PZN-PT  (x  —  0.09)  and  PMN- 
PT  (x  =  0.35)  systems.  Though  the  Curie  temperature 
(Tc)  of  these  materials  are  relatively  low  <  200°C,  the 
significance  of  these  values  becomes  evident  by  directly 
comparing  their  values  in  relation  to  Tc  in  Figs.  2-5. 

Although  ultra  high  coupling  and  piezoelectric  proper¬ 
ties  of  the  PZN-PT  system,  first  reported  in  1981  and  later 
in  the  PMN-PT  system  (1989),  have  been  known  for  sev¬ 
eral  years;  their  potential  for  high  performance  bio-medical 
ultrasound  transducer  and  related  devices  has  only  been 
recognized  recently.  Serious  efforts  on  the  development  of 
Pb(BiB2)C>3-PT  crystals  for  high  performance  transduc¬ 


ers  includes  investigations  at  Toshiba  Co.  and  at  the  Penn¬ 
sylvania  State  University. 

Merits  of  the  single  crystal  form  itself  include  the  pos¬ 
sibility  of  “optimum”  crystallographic  cuts  as  analogous 
in  AT  and  BT  cuts  in  quartz  crystals  for  a  zero  tempera¬ 
ture  coefficient  of  resonance,  and  X-cut  in  LiTa03  or  128° 
rotated  Y  cut  in  LiNbOs  crystals  for  optimum  conditions 
including  surface  acoustic  speed  and  coupling  [22].  An¬ 
other  advantage  of  the  single  crystal  form  lies  in  terms  of 
microstructural  issues  associated  with  poly  crystalline  ce¬ 
ramics,  including  grain  size,  porosity,  etc.  These  also  can 
be  ignored  removing  scaling  limitations,  particularly  rele¬ 
vant  to  high  frequency  transducers. 

As  stated  above,  the  merits  of  using  single  crystals  for 
high  performance  transducers  is  clearly  evident,  but  few 
systematic  studies  have  yet  to  be  made.  In  the  following 
section,  preliminary  results  based  on  the  author’s  ongoing 
investigation  are  presented. 


V.  Crystal  Structural  Property  Relationships 

Commonalties  inherent  to  Relaxor-PT  systems  have 
been  discussed  in  reviews  by  Shrout  and  Fielding  [23]  and 
Randall  et  al.  [24].  Based  on  these  commonalties,  our  re¬ 
search  was  limited  to  two  representative  systems  of  PZN- 
PT  and  PMN-PT.  Though  PMN-PT  MPB  crystals  ex¬ 
hibit  piezoelectric  properties  comparable  with  PZN-PT, 
more  focus  was  given  to  the  PZN  system  owing  to  its  rel¬ 
atively  lower  PT  content  for  MPB.  This  allows  more  uni¬ 
form  crystal  growth  of  these  solid  solution  materials.  De¬ 
tails  of  crystal  growth  for  these  systems  are  given  in  [25] 
and  [26].  Compositions  investigated  include  the  rhombo- 
hedral  PZN  end  member,  MPB  compositions  (PT  =  9%) 
and  tetragonal  phases  (  >  10%  PT). 

High  quality  crystals  (maximum  size  Ixlxl  cm)  grown 
using  PbO-based  fluxes  were  characterized  and  samples 
prepared  in  accordance  with  IEEE  standards.  Fig.  6  shows 
an  example  of  the  sequence  of  sample  preparation  starting 
with  an  as-grown  PZN-9.5%PT  crystal. 

Dielectric,  piezoelectric,  and  electromechanical  coupling 
coefficients  for  the  various  crystals  are  reported  in  Ta¬ 
bles  III  and  IV.  Parameters  relevant  to  transducer  designs, 
including  dielectric  loss,  frequency  constant  (N),  elastic 
compliance  (sjj),  mechanical  Q,  etc.,  are  also  reported. 

As  reported  in  Table  III,  large  coupling  coefficients  (£33) 
and  large  piezoelectric  coefficients  (^33)  were  found  for 
PZN-PT  crystals  with  MPB  compositions,  as  previously 
reported  by  Kuwata  et  al.  [19].  Electromechanical  coupling 
(k{j)  and  piezoelectric  coefficients  (dij)  equal  to  and  larger 
than  MPB  crystal  compositions  were  found  for  domain  en¬ 
gineered  rhombohedral  crystals2  as  shown  in  Fig.  7.  Both 
pure  PZN  and  PZN-8%  PT  crystals  were  found  to  possess 
high  kzz  values  of  ~  85%  and  94%,  respectively,  for  (001) 

2  Rhombohedral  crystals  oriented  and  poled  along  pseudocubic 
(001)  direction.  Crystallographically,  polarization  direction  of  rhom¬ 
bohedral  crystal  is  pseudocubic  (111)  direction. 
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TABLE  III 

Dielectric  and  Piezoelectric  Propertied  of  Pb(A1/3Nb2;3)03-PbTi0s  Crystal*  (A  =  Zn.  Mg) 

from  this  Work— LoNCiTcmNAt  Mode 


Crystal 

Cut 

Tmax 

(°C) 

Dielectric  Constant 
(Loss) 

Coup¬ 

ling^:*) 

sf^xio-'2 

m2/N) 

<*31(X  10- 12 

C/N) 

Ar<*  (Hz 
m) 

PZN 

111 

-  140 

900  (0.012) 

0377 

7.2 

83 

2058 

001 

3600  (0.008) 

0.852 

13.2 

1100 

1521 

PZN- 

111 

^  165 

2150  (0.012) 

0  395 

6.3 

82 

2205 

8%PT 

001 

4200  (0  012) 

0.938 

15  5 

2070 

1401 

PZN- 

111 

-  176 

4300  (0.007) 

0  644 

6  1 

405  (600**) 

2240 

9.5%PT 

001 

1400  (0.004) 

0.894 

15  5 

880  (1600**) 

1403 

PMN-30%PT 

001 

~  150 

2890  (0.014) 

0.808 

11.6 

730 

1608 

PMN-35%PT 

001 

~  160 

3100  (0  014) 

0.923 

10.2 

1240 

1730 

-  The  sample  shape  of  longitudinal  mode  measurements  was  bar  with  z  >  5r,  z  >  5y,  where  j,  y  are 
widths  and  z  is  length.  Typically,  z  ranged  from  3  mm  to  5  mm 

-  *33  =  v/(*72  *  fs/fp  •  tan(7r/2  •  (/p  -  f$)/fp )),  fp  and  f,  are  parallel  resonance  frequency  and  series 
resonance  frequency,  respectively. 

-  d33  =  *33v/(t33«f3).  where  is  free  permittivity,  and  sf^  =  sf3/(l  -  *33). 

*  N  ■  t  =  fp  •  z,  where  fp  and  z  are  parallel  resonance  frequency  and  length  of  the  bar,  respectively 
**  values  determined  by  Berlincourt  3  meter. 


TABLE  IV 

Dielectric  and  Piezoelectric  Properties  of  Pb{A1/3Nb2;3)03-PbTi03  Crystals  (A  =  Zn.  Me) 

from  this  Work— Thickness  Mode 


Crystal 

Cut 

Coupling  (kj) 

KJ 

Loss 

Qm 

Arf*  (Hz  m) 

PZN 

001 

0.493 

2732 

0013 

40 

2056 

PZN-  8%PT 

001 

0.481 

4450 

0017 

39  5 

1831 

PZN-  9.5%PT 

001 

0.541 

1553 

0024 

31.3 

1967 

PZN-11%PT** 

001 

0.638 

890 

0  024 

16  6 

1576 

PMN-30%  PT 

001 

0.568 

4739 

0.014 

43.7 

2368 

PMN-35%PT 

001 

0.541 

4540 

0031 

35.3 

2305 

-  The  sample  shape  of  longitudinal  mode  measurements  was  bar  with  x  > 
20 z,  y  >  20*,  where  r,  y  are  widths  and  2  is  thickness.  Typically,  2  ranged 
from  70  to  150  pm. 

-  kT  =  vW2  •  f,/fP  •  tan(7r/2  •  (/p  -  /,)//P)),  fp  and  f$  are  parallel 
resonance  frequency  and  series  resonance  frequency,  respectively. 

*  N  t  =  fp  -  zy  where  /p  and  2  are  parallel  resonance  frequency  and  sample 
thickness,  respectively. 

*•  Sample  size  was  3.32  x  3.81  x  0.145  mm 


crystal  cuts.  Low  values  of  dielectric  loss  <  1%,  signifi¬ 
cantly  less  than  their  polycrystalline  counterparts,  should 
also  be  noted.  The  role  of  domains  and  their  stability  on 
the  dielectric  and  piezoelectric  properties  of  single  crystals 
is  the  topic  of  further  investigation,  and  further  details  are 
beyond  the  scope  of  this  work. 

As  previously  reported  and  given  in  Fig.  7,  large  values 
of  fc3 3  are  also  found  in  the  tetragonal  region  (PT  >  10%) 
and,  as  reported  in  Table  IV,  a  value  of  63%  kj  was  de¬ 
tected  for  the  PZN-11%  PT.  High  thickness  coupling  may 
be  associated  with  the  large  anisotropy  of  the  tetragonal 
crystals. 

The  dielectric  constant  was  also  found  to  be  dependent 
on  the  crystal  symmetry.  Tetragonal  crystals  exhibited  di¬ 
electric  constants  on  the  order  of  less  than  1000  being 
significantly  lower  than  rhombohedral  crystals  (3000  ~ 


5000).  Lower  dielectric  constants  are  also  associated  with 
both  increased  anisotropy  and  Tc.  With  similar  coupling 
coefficients,  the  range  of  dielectric  constants  found  in  the 
PZN-PT  system  offer  the  flexibility  in  designing  transduc¬ 
ers  with  equivalent  electrical  impedance  for  a  wide  range 
of  frequency  and  geometry. 

VI.  Summary 

The  single  crystal  form  of  Relaxor-PT  materials  of¬ 
fers  the  possibility  of  dramatic  improvements  in  trans¬ 
ducer  performance.  Electromechanical  coupling  coeffi¬ 
cients  greater  than  90%  with  non-MPB  compositions  as 
well  as  MPB  compositions  enable  degree  of  freedom  in 
designing  transducers  with  broad  bandwidth  and/or  im¬ 
proved  sensitivity.  A  range  of  dielectric  constants  from 
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Fig.  6.  Sequence  of  sample  preparation  based  on  IEEE  standards 
(PZN-9.5%PT  (001)  cuts).  From  left,  as  grown  crystal,  oriented  sam¬ 
ple  using  Laue  back  reflection  camera,  cut  and  polished  sample,  lat¬ 
eral  mode  sample,  and  longitudinal  mode  sample  (electroded  gold 
sputtering). 
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Fig.  7.  fc33  as  a  function  of  composition  and  orientation  in  crystals 
of  PZN-PT. 
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~  1000  to  5000  in  the  PZN-PT  system  offers  designers  di¬ 
electrics  for  optimum  electrical  impedance  matching.  Ul- 
trahigh  piezoelectric  strain  coefficient  d33  >  2000  pC/N 
clearly  warrants  further  investigations  in  relation  to  high 
energy  density  actuators.  Microstructurally,  single  crystal 
transducers  are  not  limited  by  grain  size  or  porosity,  offer¬ 
ing  high  performance  at  very  high  frequencies. 

-  Though  clearly  promising,  the  commercialization  and 
growth  of  single  crystals  must  be  demonstrated;  and  an¬ 
ticipated  difficulties  in  fabrication  and  processing  such  as 
dicing,  attaching  matching  layers,  etc.,  must  be  overcome 
if  single  crystal  piezoelectrics  are  to  become  piezoelectric 
materials  for  the  next  generation  of  ultrasound  transduc¬ 
ers. 
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Abstract  The  piezoelectric  properties  of  relaxor  based 
ferroelectric  single  crystals,  such  as  Pb(Znl/3Nb2/3)03— 
PbTiO-  (PZN-PT)  and  Pb(MgI/3Nb2n)0rPbTi03 
(PMN-PT)  were  investigated  for  electromechanical  actu¬ 
ators.  In  contrast  to  polycrystalline  materials  such  as 
Pb(Zr.Ti)03  (PZTs),  morphotropic  phase  boundary 
(MPB)  compositions  were  not  essential  for  high  piezo¬ 
electric  strain.  Piezoelectric  coefficients  (d33’s  )  >2200 
pC/N  and  subsequent  strain  levels  up  to  >0.5%  with  min¬ 
imal  hysteresis  were  observed.  Crystallographically,  high 
strains  are  achieved  for  <00 1>  oriented  rhombohedral 
crystals,  though  <1U>  is  the  polar  direction.  Ultrahigh 
strain  levels  up  to  1.7%,  an  order  of  magnitude  larger 
than  those  available  from  conventional  piezoelectric  and 
electrostrictive  ceramics  could  be  achieved,  possibly  be¬ 
ing  related  to  an  E-field  induced  phase  transformation. 
High  electromechanical  coupling  (k33)  >90%  and  low  di¬ 
electric  loss  <1%,  along  with  large  strain  make  these 
crystals  promising  candidates  for  high  performance  solid 
state  actuators. 

Key  words  Relaxor  ferroelectrics  •  Single  crystal  • 
Actuator  •  Piezoelectrics  •  Hysteresis 


Introduction 

Electromechanical  actuators  directly  input  electrical  en¬ 
ergy  into  mechanical  energy.  Of  the  many  types  of  actua¬ 
tor  materials  including,  magnetostrictive,  photostrictive. 
and  shape  memory  alloys,  piezoelectric  and  electro¬ 
strictive  ceramics  are  widely  used  in  applications  requir- 
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ing  high  generative  force,  high  frequency  operation,  ac¬ 
curate  displacement,  quick  response  time,  or  small  de¬ 
vice  size  [1].  Generally,  among  the  material  properties 
determining  actuator  performance,  the  electric  field  (E- 
field)  induced  strain  is  the  most  important  parameter  for 
actuators.  This  is  demonstrated  by  strain  energy  density 
which  is  a  measure  of  the  energy  per  unit  mass  an  actua¬ 
tor  can  deliver. 

emax=\/p(m<H2-E(smaxy-)  (1) 

where  emax  is  the  strain  energy  density,  E  is  the  actuator’s 
elastic  modulus.  smax  is  the  maximum  field  induced 
strain,  and  p  is  the  actuator's  density  [1].  1/4  is  the  ap¬ 
propriate  factor  for  an  actuator  impedance  related  to  its 
surroundings.  In  designing  an  actuator,  the  maximum 
strain  energy  density  should  be  as  high  as  possible.  In 
electroactive  ceramics,  density  and  elastic  modulus  vary 
little  from  material  to  material:  therefore,  the  level  of 
strain  and  maximum  strain  achievable  with  a  reasonable 
electric  field  (<50  kV/cm)  dominates  the  energy  density. 
The  piezoelectric  coefficient  (dy),  determining  the  level 
of  induced  strain  at  a  given  electric  field,  is  the  most 
widely  used  parameter  describing  actuator  performance. 
Currently,  Pb(Zr,Ti)03  (PZT)  polycrystalline  ceramics 
are  used  with  piezoelectric  coefficients  (d33)  ranging 
from  200  to  750  pC/N,  the  later  limited  by  hysteresis. 
Electrostrictive  ceramics  such  as  Pb(Mgi/3Nb2^3)03  offer 
effective  d33’s  >700  pC/N:  but  only  over  a  narrow  range 
of  E-field. 

It  is  objective  of  this  paper  to  report  ultrahigh  piezo¬ 
electric  coefficients  (d33)  and  remarkably  high  strain  lev¬ 
els  with  low  hysteresis  observed  for  single  crystals  of 
Pb(ZninNb^)03-PbTi03  (PZN-PT)  and  Pb(Mg1/3 
NbM)03-PbTi03  (PMN-PT).  Strain  behavior  as  a  func¬ 
tion  of  E-field  will  be  discussed  with  respect  to  crystal 
structure,  orientation,  and  anticipated  actuator  perfor¬ 
mance. 
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Fig.  1  Ternary  diagram  depicting  MPBs  in  PZT  and  relaxor-PT 
systems  for  piezoelectric  ceramic 


Morphotropic  phase  boundary  ceramics 

Pb(Zr,_vTiJ03  (PZT)  ceramics  have  been  the  mainstay 
for  high  performance  actuator  applications.  Composi- 
tionaily.  PZT  ceramics  lie  near  the  morphotropic  phase 
boundary  (MPB)  between  the  tetragonal  and  rho- 
mbohedral  phases  as  shown  in  Fig.  1.  MPB  compositions 
exhibit  anomalously  high  dielectric  and  piezoelectric 
properties  as  a  result  of  enhanced  polarizability  arising 
from  the  coupling  between  two  equivalent  energy  states, 
i.e.  the  tetragonal  and  rhombohedral  phases,  allowing 
optimum  domain  reorientation  during  the  poling  process. 
Alternate  MPB  systems  can  be  found  in  relaxor-PbTi03, 
also  as  shown  in  Fig.  1.  Lead  based  relaxor  materials  are 
complex  perovskites  with  the  general  formula 
Pb(BjB:)0?.  (B,=Mg2\  Zn2\  Ni:\  S>  ....  B:=Nb5*, 
Ta5+.  W~6+  Characteristic  of  relaxors  is  a  broad  and 
frequency  dispersive  dielectric  maxima  [2], 

To  achieve  a  high  piezoelectric  coefficient.  MPB- 
based  ceramics  are  further  engineered  by  compositionaly 
adjusting  the  Curie  temperature  (Tc)  downward  relative 
to  room  temperature.  The  effect  of  transition  temperature 
(Tc)  on  the  piezoelectric  properties  is  clearly  evident  in 
Fig.  2.  As  shown,  the  room  temperature  values  of  d33  are 
plotted  as  a  function  of  Tc  for  a  variety  of  modified  PZT 
ceramics,  including  relaxor-PT  systems.  Enhanced  pi¬ 
ezoelectric  activity  of  MPB-based  ceramics  is  achieved 
by  compositionaly  adjusting  Tc  downward  relative  to 
room  temperature  resulting  in  “soft”  piezoelectric  ceram¬ 
ics.  This  enhanced  piezoelectric  effect,  therefore,  comes 
with  the  expense  of  more  temperature  dependent  proper¬ 
ties.  and  less  polarization  stability,  i.e.  aging  and  loss  of 
piezoelectric  activity.  Further  details  on  the  relationship 
between  dielectric/piezoelectric  properties  and  Tc  of  pi¬ 
ezoelectric  ceramics  can  be  found  in  [3]. 

Most  importantly,  a  consequence  of  increased  piezo¬ 
electric  activity'  for  these  “soft”  ceramics  is  large  hyster- 


Fig.  2  Piezoelectric  coefficient  d33  as  a  function  of  transition  tem¬ 
perature  (Tc)  for  piezoelectric  ceramics,  including  PZT.  modified 
PTZs.  and  relaxor-PT  systems 


Fig.  3  Strain  vs.  E-field  behaviors  for  various  electromechanical 
ceramics 


esis  in  the  strain  vs.  E-field  behavior  as  a  result  of  do¬ 
main  motion.  Strain  vs.  E-field  behavior  for  PZT-5H 
(Navy  type-VI)  is  shown  in  Fig.  3  as  an  example. 
Though  the  piezoelectric  coefficient  (d33 )  of  PZT-5H  ce¬ 
ramics  is  in  the  range  of  -600  to  700  pC/N  [4]  (implying 
-0.06  to  0.07 9c  strain  at  10  kV/cm).  strain  as  high  as 
0.1%  can  be  observed  at  10  kV/cm.  This  enhanced  non¬ 
linear  strain  is  the  result  of  domain  motion,  and  there¬ 
fore.  accompanied  by  significant  hysteresis,  resulting  in 
poor  positioning  accuracy.  Area  within  the  strain  vs.  E- 
field  curve  or  dielectric  loss  results  in  significant  heat 
generation  during  operation.  Heat  generation  combined 
with  a  decreased  temperature  usage  range,  results  in  poor 
temperature  stability  and  limits  these  ceramics  to  low 
frequency  applications. 


Strain  vs.  E-field  hysteresis  can  be  minimized  with 
the  use  of  the  “hard”  piezoelectric  ceramics.  Hard  piezo¬ 
electric  ceramics  such  as  PZT-8  (Navy  type  III)  offer 
very  low  hysteresis  as  shown  in  Fig.  3.  However,  the  re¬ 
duction  in  hysteresis  and  loss  comes  at  the  expense  of 
d33  and  subsequent  strain  level.  Typically  d33  values,  for 
“hard"  PZTs  range  from  -200  to  300  pC/N  [4], 

Another  category  of  ceramic  materials  used  in  com¬ 
mercial  actuators  are  electrostrictors.  Electrostrictive 
strain  is  proportional  to  the  square  of  polarization.  A  few 
materials  such  as  PMN  and  its  solid  solution  with  PT  ex¬ 
hibit  significant  electrostrictive  strain  (>0.1%)  with  vir¬ 
tually  no  hysteresis  as  shown  in  Fig.  3.  Effective  d33’s 
>-800  pC/N  calculated  directly  from  the  strain  vs.  E- 
field  curve  can  be  achieved,  but  only  over  a  very  narrow 
range  of  E-field.  For  hard  piezoelectric  and  electro¬ 
strictive  ceramics,  strain  level  with  low  hysteresis  does 
not  exceed  0.15%.  This  limitation  originates  from  the 
material's  dielectric  breakdown  strength  and  polarization 
saturation. 

In  summary,  piezoelectric  and  electrostrictive  ceram¬ 
ics  offer  strain  levels  up  to  -0.15%.  Soft  PZTs,  exhibit¬ 
ing  piezoelectric  coefficients  (d33)  as  high  as  750  pC/N. 
are  inherently  limited  due  to  hysteresis  caused  by  do¬ 
main  motion.  Hysteresis  can  be  minimized  with  the  use 
of  hard  piezoelectric  ceramics,  but  d33  values  of  only 
-200-300  pC/N  are  available.  Even  though  electro¬ 
strictive  ceramics  offer  effective  d33’s  -800  pC/N,  maxi¬ 
mum  strain  level  is  limited  by  its  dielectric  breakdown 
strength  and  polarization  saturation.  To  achieve  E-field 
induced  strain  levels  >0.15%.  electroactive  materials 
should  possess  high  piezoelectric  coefficients  (d33  >1000 
pC/N)  and  high  dielectric  breakdown  strength. 


Single  crystal  piezoelectrics 

Single  crystal  piezoelectrics  such  as  quartz  (SiO-0,  lithi¬ 
um  niobate  (LiNb03),  and  the  analogue  lithium  tantalate 
(LiTaO;j  are  widely  employed  in  specific  applications 
that  include  oscillators,  surface  acoustic  wave  (SAW)  de¬ 
vices.  and  in  optics.  In  contrast  to  PZT  ceramics,  howev¬ 
er,  these  single  crystals  offer  inferior  piezoelectric  prop¬ 
erties,  with  d33’s  <50  pC/N. 

Attempts  to  grow  single  crystals  of  MPB  PZTs  have 
been  made  by  numerous  researchers,  resulting  in  crystal¬ 
lites  too  small  to  allow  adequate  property  measurements 
[5—9].  In  contrast  to  PZT  crystal  growth.  relaxor-PT  ma¬ 
terials  can  be  readily  grown  in  single  crystal  form.  This 
key  distinction  was  first  realized  by  Nomura  and  co¬ 
workers  for  the  PZN  and  PZN-PT  systems  [10,  11]  and 
later  by  Shrout  for  the  PMN-PT  [12].  In  general,  most 
Pb(B!,B;)03-PT  crystals  can  be  grown  by  high  tempera¬ 
ture  solution  growth  using  Pb-based  fluxes  [13,  14]. 

Piezoelectric  coefficients  as  high  as  -1500  pC/N  have 
been  reported  [11,  12]  for  MPB  Relaxor-PT  crystals. 
However,  it  should  be  noted  that  piezoelectric  coeffi¬ 
cients  are  generally  determined  using  low  field  (<0.1 
kV/cm;  techniques  such  as  the  resonance  method  (IEEE 
standard)  [15].  Therefore,  direct  observation  of  the  strain 


vs.  E-field  behavior  is  essential  in  order  to  investigate 
hysteresis  and  maximum  levels  of  strain,  key  experi¬ 
ments  to  directly  confirm  actuator  performance.  In  rela¬ 
tion  to  actuators,  several  questions  arise:  (1)  How  do  the 
high  dj3  values  determined  using  low  field  techniques 
correlate  to  direct  measurements?  As  for  piezoelectric 
and  electrostrictive  ceramics,  will  the  strain  level  saturate 
with  increased  E-field?  (2)  How  much  hysteresis  accom¬ 
panies  the  strain?  (3)  Is  morphotrophy  essential  for  en¬ 
hanced  piezoelectric  properties?  (4)  Are  there  optimum 
crystallographic  cuts  as  in  the  case  of  the  other  piezo¬ 
electric  crystals?  In  the  following  sections,  we  will  at¬ 
tempt  to  answer  many  of  these  questions,  reporting  pi¬ 
ezoelectric  properties  and  direct  observation  of  strain  be¬ 
havior  as  a  function  of  crystallographic  orientation  and 
electric  field  for  relaxor-PT  single  crystals. 


Dielectric  and  piezoelectric  properties 
of  relaxor  based  single  crystals 

In  this  section,  the  dielectric  and  piezoelectric  properties 
of  relaxor-PT  systems  as  a  function  of  crystal  composi¬ 
tion  and  orientation  are  summarized.  Commonalties  in¬ 
herent  to  relaxor-PT  systems  have  been  discussed  in  re¬ 
views  by  Shrout  [16]  and  Randall  [17].  Based  on  these 
commonalties,  our  research  was  limited  to  two  represen¬ 
tative  systems,  PZN-PT  and  PMN-PT.  Though  PMN-PT 
MPB  crystals  exhibit  piezoelectric  properties  compara¬ 
ble  with  PZN-PT,  more  focus  was  given  to  the  PZN 
system  owing  to  its  relatively  lower  PT  content  for  MPB, 
allowing  more  uniform  crystal  growth  of  these  solid  so¬ 
lution  materials.  Experimental  procedures  are  briefly 
summarized  including  crystal  growth,  crystal  alignment, 
dielectric  and  piezoelectric  measurements  using  direct 
observation  of  strain  as  a  function  of  electric  field  as 
well  as  low  field  property  measurements  using  the  IEEE 
resonance  technique  [15]. 

Crystal  growth,  sample  preparation 
and  property  measurements 

High  purity  (>99.9%)  powders  of  Pb304,  ZnO.  MgC03, 
Nb-Oj  and  Ti02  were  used  as  starting  material.  Raw 
powders  were  weighed  with  desired  molar  ratio  with  ex¬ 
cess  Pb304  as  a  flux.  The  powders  were  dry  mixed  for  a 
desired  period  of  time  using  a  tumbling  mill.  The  mixed 
powders  were  loaded  into  a  platinum  crucible,  which 
was  placed  in  an  alumina  crucible  sealed  with  an  alumi¬ 
na  lid  and  alumina  cement  to  minimize  PbO  volatiliza¬ 
tion.  The  crucible  and  powder  were  placed  in  a  tube  fur¬ 
nace  and  held  at  soak  temperatures  (1100-1200°  C),  fol¬ 
lowed  by  slow  cooling  (1-5°  C/h).  The  crucible  was  then 
furnace-cooled  to  room  temperature.  Hot  HN03  is  used 
to  separate  the  crystals  out  of  the  rest  of  the  melt.  Typi¬ 
cally  crystal  size  ranged  from  3  to  20  mm.  Further  de¬ 
tails  on  the  flux  growth  technique  of  these  crystals  can 
be  found  in  [13,  14], 

Individual  crystals  were  oriented  along  their  pseudo- 
cubic  <00 1>  and  the  <11 1>  axis  using  a  Laue  back  re- 
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Fig.  4  As  grown  crystal,  an 
aligned  sample  using  the  Laue 
camera,  a  cut  and  polished 
sample,  an  electroded  sample 
for  direct  strain  observation  as 
well  as  for  low  field  planar 
mode  resonant  sample,  and  a 
low  field  longitudinal  mode 
resonant  sample,  for  PZN- 
9.5%PT  (from  left  to  right ) 


flection  camera.  For  electrical  characterization,  samples 
were  prepared  by  polishing  with  silicon  carbide  and  alu¬ 
mina  polishing  powders  to  achieve  flat  and  parallel  sur¬ 
faces  onto  w’hich  gold  electrodes  were  sputtered.  High- 
field  measurements  included  polarization  and  strain  hys¬ 
teresis  using  a  modified  Sawyer-Tower  circuit  and  linear 
variable  differential  transducer  (LVDT)  driven  by  a  lock- 
in  amplifier  (Stanford  Research  Systems.  Model  SR830). 
Plate  shape  samples  with  thickness  ranging  from  0.2  mm 
to  0.5  mm  were  used.  Electric  fields  as  high  as  -140 
kV/cm  were  applied  using  an  amplified  unipolar  wave 
form  at  0.2  Hz.  using  a  Trek  609C-6  high  voltage  DC 
amplifier.  During  testing  the  samples  were  submerged  in 
Fluorinert  (FC-40.  3M,  St.  Paul.  Minn.),  an  insulating 
liquid,  to  prevent  arcing.  For  piezoelectric  coeffi- 
cient(d33)  determination,  bar  shape  samples  with  lengths 
ranging  from  3  mm  to  5  mm  were  tested.  Samples  were 
poled  either  by  field  cooling  (10  kV/cm)  from  tempera¬ 
tures  above  the  dielectric  maximum  temperature  (Tmax) 
or  by  applying  40  kV/cm  at  room  temperature.  Figure  4 
presents,  from  left  to  right,  a  representative  of  an  as 
grown  crystal,  an  aligned  sample  using  the  Laue  camera, 
a  cut  and  polished  sample,  an  electroded  sample  for  di¬ 
rect  strain  observation  as  well  as  for  low  field  planar 
mode  resonant  sample,  and  a  low'  field  longitudinal  mode 
resonant  sample,  for  PZN-9.5%PT.  respectively. 


Low  field  measurements 

Piezoelectric  coefficients  as  a  function  of  composition 
and  crystal  orientation  for  PZN-PT.  calculated  based  on 
IEEE  standards,  are  presented  in  Fig.  5.  As  shown,  large 
piezoelectric  coefficients  (d33-1600  pC/N)  were  found 
for  PZN-PT  with  MPB  compositions  (9.5%  PT),  as  pre¬ 
viously  reported  by  Kuwata  [11].  PMN-PT  crystals  with 
MPB  compositions  (PMN-35%  PT)  also  exhibited  large 
piezoelectric  coefficients  (d33-1500  pC/N)  [3].  It  should 
be  noted,  however,  that  all  rhombohedral  crystals  orient¬ 
ed  along  also  their  pseudocubic  <00 1  >  direction  exhibit¬ 
ed  large  piezoelectric  coefficients.  As  shown  in  Fig.  5, 
d33  increased  with  increased  amount  of  PbTi03  for 
<00 1  >  oriented  rhombohedral  cry  stal.  Maximum  d33  val- 
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ues  of  -2200  pC/N  were  determined  with  domain  engi¬ 
neered  rhombohedral  crystals.1  In  contrast  to  PZT’s,  d33 
dramatically  decreases  at  MPB  to  levels  -500  pC/N  for 
tetragonal  composition.  Though  <11 1>  is  the  polar  di¬ 
rection  in  rhombohedral  crystals,  such  cuts  exhibited  low 
piezoelectric  coefficient,  believed  to  be  associated  with 
domain  instability.  Further  details  on  domain  motion  and 
crystal  anisotropy  are  reported  elsewhere  [18].  Dielectric 
loss  value  <1%  and  electromechanical  coupling  constant 
values  (k33)  >90%  can  be  found  in  ref.  [3]. 


Strain  vs.  E-field  behaviors 
for  relaxor  based  single  crystals 

Though  high  piezoelectric  coefficients  (d33)  were  deter¬ 
mined,  high  field  measurements  are  more  indicative  of 
actuator  performance.  The  following  observations  will 


1  Rhombohedral  crystals  oriented  and  poled  along  pseudocubic 
<00 1>  direction.  Crystallographicallv.  polar  direction  of  rhombo¬ 
hedral  cry  stal  is  pseudocubic  <1 1 1>  direction 
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Fig.  6  Strain  vs.  E-field  behaviors  for  crystals  of  PZN-PT  and 
PMN-PT.  and  for  various  electromechanical  ceramics 

clearly  show  the  potential  of  relaxor  based  ferroelectric 
single  crystals,  for  applications  as  actuators. 

Strain  as  a  function  of  electric  field  for  various  <00 1> 
oriented  rhombohedral  crystals  (pure  PZN,  PZN- 
4.5  %PT.  PZN-8%PT,  and  PMN-24%PT)  are  presented  in 
Fig.  6.  Also  E-field  induced  strains  of  various  electrome¬ 
chanical  ceramics  such  as  soft  PZT  (PZT-5H),  hard  PZT 
(PZT-8)  and  electrostrictive  ceramics  (PMN-PT)  are 
compared.  Piezoelectric  coefficients  (d33)  directly  calcu¬ 
lated  from  the  slope  of  strain  vs.  electric  field  curves 
confirmed  the  piezoelectric  coefficients  determined  by 
the  low  field  resonance  method.  Strains  as  high  as  0.58% 
were  observed  with  low  hysteresis  for  these  crystals,  sig¬ 
nificantly  larger  than  that  for  polycrystalline  ceramics. 
The  limitation  of  achievable  strain  for  polycrystalline  ce¬ 
ramics  is  the  result  of  polarization  saturation  and  subse¬ 
quent  saturation  on  strain  and  breakdown  strength.  How¬ 
ever.  as  shown  in  Fig.  6,  strain  did  not  saturate  with  in¬ 
creased  E-field  for  <001>  oriented  rhombohedral  crys¬ 
tals.  This  remarkable  strain  vs.  E-field  behavior  with  low 
hysteresis  is  believed  to  be  related  to  the  engineered  do¬ 
main  state.  Although  crystallographically  <11 1>  is  the 
poiar  direction,  low  piezoelectric  coefficients  (d33)  <100 
pC/N  were  determined  as  shown  in  Fig.  5.  This  inferior 
piezoelectric  activity  was  found  to  be  related  to  domain 
instability  after  poling.  Details  on  mechanisms  are  pre¬ 
sented  elsewhere  [18]. 

Saturation  of  E-field  induced  strain  behavior  for 
<00 1>  oriented  rhombohedral  crystals  was  investigated 
until  dielectric  breakdownas  presented  in  Fig.  7.  Far 
from  saturation,  the  strain  abruptly  increased  with  strain 
levels  as  high  as  0.8%  being  achieved  for  all  crystals 
tested.  Strain  levels  >1.2%  for  the  PZN-4.5%PT  crystal 
were  the  result  of  higher  breakdown  voltage.  The  E-field 
induced  strain  behavior  observed  is  believed  to  be  asso¬ 
ciated  with  an  E-field  induced  rhombohedral-tetragonal 


Fig.  7  Strain  vs.  E-field  behaviors  for  crystals  of  PZN-PTand 
PMN-PT.  and  for  various  electromechanical  ceramics  (high  fields) 
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Fig.  8  Strain  vs.  E-field  behaviors  for  <001>  oriented  PZN-8%PT 
crystal 

phase  transition.  This  phase  transition  behavior  is  more 
apparent  in  Fig.  8  presenting  the  E-field  induced  strain 
behavior  of  the  <00 1>  oriented  PZN-8%PT  crystal.  At 
-120  kV/cm,  the  induced  strain  along  with  high  dielec¬ 
tric  breakdown  strength  resulted  in  a  strain  level  as  high 
as  1.7%.  The  piezoelectric  coefficient  (d33)  -480  pC/N 
calculated  directly  from  the  slope  of  strain  vs.  E-field  in 
the  high  field  region  corresponded  to  the  tetragonal 
phase  (between  40  and  120  kV/cm  in  Fig.  8)  coincides 
with  a  d33  value  (-500  pC/N)  of  tetragonal  PZN-12%PT 
crystal.  Although  phase  transition  is  a  likely  explanation 
for  the  ultrahigh  strain  level,  direct  observation  of  phase 
transition  using  in  situ  XRD  is  required. 


Conclusion 
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Pseudocubic  <00 1>  oriented  relaxor  based  rhombohedral 
crystals  such  as  (1-x)  PZN-x  PT  (x<0.09)  and  (1-x), 
PMN-  xPT  (x<0.35)  exhibited  actuation  levels  not  avail¬ 
able  with  current  piezoelectric  ceramics.  Ultrahigh  pi¬ 
ezoelectric  coefficients  (d33)  >-2200  pC/N  and  strain 
levels  up  to  0.58%  with  low  hysteresis  were  observed. 
Ultrahigh  strain  levels  up  to  1.7%  could  be  achieved  for 
relaxor  based  ferroelectric  single  crystals  as  a  result  of 
E-field  induced  rhombohedral-tetragonal  phase  transi¬ 
tion.  Other  relaxor  based  rhombohedral  crystals  are  ex¬ 
pected  to  exhibit  similar  strain  vs.  E-field  behavior.  Tex¬ 
tured  polycrystalline  ceramics  is  also  believed  to  exhibit 
high  strain  behaviors.  Though  clearly  promising  candi¬ 
dates  for  high  performance  actuators,  further  investiga¬ 
tions  in  crystal  growth  and  prestress  testing  are  required 
for  single  crystal  piezoelectrics  to  become  the  next  gen¬ 
eration  material  of  actuators. 
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pJ7hC  *???  °f.gr0WtIh  C0ndu,10nS  on  the  dieIectric  properties  and  ferroelectric  transition  of  perovskite 
1/3t  /3)  j  Sm?  CryStais  WaS  examined'  Crystals  were  grown  by  the  flux  technique  using  PbO  as  a 

■dfflux.  towied  cooling  rate  and  soaking  temperature  resulted  in  a  decreased  Zn/Nb  ratio,  and  corresponding 
increased  temperature  of  the  maximum  dielectric  constant  (Tm„),  and  decreased  room  temperature  values  of  the 

Ta  r'  D‘fferent  CTyStal  C°l0rS  aDd  quality  were  3150  associated  with  the  various  growing 
conditions  Although  dielectric  properties,  domain  stability  after  poling,  and  associated  piezoelectric  prSerti  J 

function  ofTm«,  it  was  shown  that  crystal  quality  was  critical  for  the  observed  variation  in  these  propPerties. 
KEYWORDS:  relaxor  ferroelectric*,  crystal  growth.  Pb(Zn1/3Nb2/3)03.  nonstoichimetry.  phase  transition 


1.  Introduction 

Pb(Zn1/3Nbj/3)03  (PZN)  is  a  prototypical  relaxor 
ferroelectric'  which  undergoes  a  diffuse  phase  tran¬ 
sition  around  140°  C.1*  Macroscopic  lattice  distortion 
with  rhombohedral  symmetry  can  be  observed  at 
room  temperature  due  to  the  high  transition  tem¬ 
perature  of  PZN.2’3*  In  spite  of  the  observed  lattice 
anisotropy,  as-grown  PZN  crystals  do  not  show  ferroelec¬ 
tric  macrodomains.4’  However  PZN  switches  into  a  sta¬ 
ble  ferroelectric  macrodomain  state  with  the  application 
of  an  E-neld.  and  effectively  exhibits  piezoelectric  char¬ 
acteristics. s)  High  dielectric  and  piezoelectric  properties 
were  reported  for  PZN6)  and  Pb(Zn1/3Nb2/3)03-PbTi03 
(PZN-PT)7- 8>  single  crystals,  making  them  promising 
candidates  for  various  transducer  applications. 

It  is  known  that  perovskite  PZN  or  PZN-PT  with  low 
PT  content  can  not  be  prepared  by  conventional  solid 
state  reaction.  The  reason  for  this  phase  instability  has 
been  investigated  from  both  the  viewpoints  of  crvstal 
chemistry3*  and  thermodynamics.10*  However,  crystals 
of  PZN  and  PZN-PT  can  be  readily  grown  using  the 
high  temperature  flux.  To  date,  however,  few  studies 
correlating  the  dielectric  and  piezoelectric  properties  as 
a  function  of  growth  conditions  for  the  materials  have 
been  reported,  particularly  with  respect  to  nonstoichi- 
metric  variations. 

It  is  the  purpose  of  this  study  to  report  the  variation  of 
chemical  composition,  dielectric  and  ferroelectric  prop¬ 
erties  as  a  function  of  growth  conditions.  PZN  rather 
than  PZN-PT  was  selected  to  eliminate  the  possibility 
of  property  and  compositional  variations  caused  by  the 
change  in  solute  concentration  and  ionic  valence  of  Ti4+. 

2.  Experimental  Procedure 
2.1  Crystal  growth 

PZN  crystals  were  grown  using  the  high  temperature 
flux  technique.  High  purity  (>99.9%)  powders  of  Pb304 
(Aldrich.  WI),  ZnO  (Johnson  Matthey,  MA),  and  Nb2Os 
(Aldrich.  WI)  were  used.  Raw  powders  were  mixed  and 
loaded  into  a  30  cm3  Pt  crucible.  The  Pt  crucible  was 
then  placed  in  an  alumina  crucible  which  was  sealed  with 
an  alumina  lid  and  alumina  cement  to  minimize  PbO 
volatilization.  The  crucible  and  powder  were  then  placed 


in  a  furnace  and  held  at  a  soak  temperature  of  1150  to 
1200°  C  for  10  h,  followed  by  cooling  at  a  rate  of  l°C/h 
to  o’C/h  down  to  900° C.  The  crucible  was  then  furnace- 
cooled  to  room  temperature.  The  flux  was  leached  out 
with  hot  HN03  (20%)  and  the  crystals  removed  for  char¬ 
acterization.  These  growing  conditions  were  determined 
based  on  several  preliminary  experiments  including  dif¬ 
ferential  thermal  analysis.  Further  details  concerning  the 
crystal  growth  can  be  found  in  ref.  11. 

2.2  X-rcty  diffraction  (XRD)  and  chemical  analysis 
Single  crystals  were  ground  into  a  fine  powder  for  XRD 
analysis  ranging  from  20°-80°  29  with  a  step  size  of  0.01 
and  a  counting  time  of  3s.  Individual  crystals  were  ori¬ 
ented  along  their  polar  axis  (1111  using  a  Laue  back  re¬ 
flection  camera.  Crystals  were  chemically  analyzed  us¬ 
ing  inductively  coupled  plasma  srsectrophotometer  (ICP 
Leeman  Labs  PS30000UV).  To  determine  reproducibil¬ 
ity,  chemical  analysis  was  performed  at  least  twice  with 
different  crystals  from  the  same  batch.  The  detection 
limit  was  ~80  ppm  due  to  the  low  solute  concentration 
caused  by  ^  the  inherent  difficulty  in  dissolving  niobate 
crystals.^  Nonstoichiometry  with  the  crystal  growth  was 
observed  mainly  associated  with  B-site  cation  variation, 
as  crystals  were  grown  in  the  PbO  self  flux. 

2.3  Electrical  characterization-polarization  and  dielec¬ 
tric  properties 

For  electrical  characterization,  samples  were  then  pre¬ 
pared  by  polishing  with  silicon  carbide  and  alumina  pol¬ 
ishing  powders  to  achieve  flat  and  parallel  surfaces  onto 
which  gold  electrodes  were  sputtered.  Samples  were 
rectangular  plates  with  the  thickness  ranged  from  0.2 
to  0.5  mm  and  edge  to  thickness  ratio  >10.  To  de¬ 
termine  reproducibility,  all  dielectric  and  piezoelectric 
measurements  were  performed  with  at  least  three  dif¬ 
ferent  crystals  for  each  grown  batch.  Polarization  vs. 
E-field  behavior  was  measured  at  0.2  Hz  using  a  com¬ 
puter  controlled  Sawyer  Tower  system.  During  testing, 
the  samples  were  submerged  in  Fluorinert  (FC-40,  3  M. 
St.  Paul.  MN),  an  insulating  liquid  to  prevent  arcing.  For 
piezoelectric  measurements,  crystals  were  poled  by  ap¬ 
plying  either  lOkV/cm  at  room  temperature  or  by  field 
(10  kV  /cat)  cooling  from  200°C.  The  piezoelectric  co- 
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efficient  (cf^)  was  measured  using  d2 3  meter  (Institute 
of  acoustics.  Academia  Sinica).  The  dielectric  prop¬ 
erties  were  determined  with  multifrequency  LCR  me¬ 
ters  (Hewlert  Packard  4274  A  and  4275  A)  in  conjunction 
with  a  computer  controlled  temperature  chamber  (Delta 
Design  Inc..  Model  MK  2300)  over  the  frequency  range 
of  100  Hz.  1kHz,  10 kHz  and  100 kHz. 

3.  Results  and  Discussion 

3.1  Crystal  growth  and  stoichiometry 

Table  I  summarizes  the  various  conditions  used  for  the 
growth  of  three  different  PZN  crystals.  XRD  patterns  of 
the  various  crystals  are  shown  in  Fig.  1.  All  crystals 
were  found  to  be  phase  pure  perovskite  with  rhombohe- 
dral  symmetry  (a  =  4.056(±0.001)  A  and  a  =  89°55'). 
Rhombohedral  distortion  (a)  was  determined  from  the 
peak  split  observed  in  the  {220}  peaks  in  Fig.  2.  Lattice 
constants  of  the  crystals  were  found  to  be  not  signifi¬ 
cantly  different  as  a  function  of  growth  condition. 

As  presented  in  Table  I,  growth  parameters  remained 
constant  for  the  growth  runs  of  PZN-A  and  PZN-B  with 
the  exception  of  the  cooling  rate.  A  flux  to  composition 
molar  ratio  of  70:30  and  a  soak  temperature  of  1150°C 
as  determined  by  preliminary  DTA  analysis.111  were  em¬ 
ployed.  Cooling  rates  were  5'C/h  and  l°C/h  for  run 
PZX-A  and  PZN-B,  respectively.  For  PZN  crystals  ob¬ 
tained  from  growth  run  PZX-A  and  those  from  growth 
run  PZN-B.  crystal  size  was  not  significantly  different. 


Th  is  indicates  that  the  variation  in  cooling  rate  from  1  to 
5°C/h  does  not  significantly  affect  the  nucleation  behav¬ 
ior  with  a  soak  temperature  of  1150°C.  This  would  occur 
if  the  majority  of  nucleation  occurred  on  heterogeneous 
sites  such  as  the  crucible  wall.  However,  the  chemical 
composition  was  found  to  be  dependent  on  the  cooling 
rate  as  presented  in  Table  II.  Nonstoichiometry  in  Pb- 
based  compounds  is  usually  the  result  of  Pb  volatiliza- 


20 

Fig.  2.  {220}  reflections  in  XRD  patterns  of  Pb(Zni/3Nb2/3)03 

crystals. 


Table  II.  Composition  analysis  of  PZN  crystals  using  ICP  (wt?c). 


PZN-A 

PZN-B 

PZN-C 

PZX*> 

Pb 

59  5 

59  9 

59  9 

61.1 

Zn 

5.5 

5.3 

5.7 

6.4 

Nb 

20.2 

19.3 

20.7 

18.3 

Zn/Nb 

0.27 

0.30 

0.28 

0.35 

Pt 

n.d.bl 

n.d. 

n.d. 

a.)  expected  for  Pb(Zn1/3Nb2/3)03. 
b)  not  detected,  detection  limit  30  ppm 


Table  I.  Growth  condition  of  flax  grown  PZN  crystals 


Growth  run 

PZN-A 

PZN-B 

PZN-C 

Flux 

PbO  (Pb304) 

PbO  (Pb304) 

PbO  (Pb304) 

Flux:  composition 

7:3 

7:3 

6:4 

Soaking  temperature  (°C) 

1150 

1150 

1200 

Soaking  time  (h) 

10 

10 

10 

Cooling  rate  (°C/h) 

5 

1 

1 

Crystal  color 

Colorless 

Light  Yellow 

Brown 

Maximum  crystal  size  (cm) 

0.5 

0  5 

1 
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tion.  which  results  in  Pb  vacancies  on  the  A-site.12-131  In 
this  study,  crystals  were  grown  under  a  Pb-rich  condition 
using  PbO  as  a  self  flux.  Therefore,  it  was  expected  that 
the  observed  nonstoichiometry,  if  any,  would  be  caused 
by  the  compositional  variation  of  the  B-site  cations.  In 
Table  II,  the  Pb  content  did  not  change  significantly  with 
growth  conditions  whereas  the  variation  in  the  Zn/Nb 
ratio  was  observed.  Increased  cooling  rate  resulted  in  a 
decreased  Zn/Nb  ratio  to  decrease  (PZN-A  and  PZN-B 
in  Table  II).  The  different  cooling  rate  and  subsequent 
growth  rate  changes  may  have  affected  the  composition 
at  the  boundary  layers  on  the  crystal.  Additional  in¬ 
vestigations  as  to  the  actual  origin  of  the  compositional 
variation  are  required. 

Crystals  grown  with  the  flux  to  composition  ratio  of 
60:40  (designated  PZN-C  (Table  II))  required  an  increase 
in  soak  temperature  to  1200° C.  As  can  be  seen  in  Ta¬ 
ble  I.  the  decreased  flux:  composition  ratio  resulted  in 
relatively  increased  size  of  the  PZN  crystals.  This  could 
be  ascribed  to  the  increased  temperature  range  of  crys¬ 
tallization  for  PZN  (PZN-i- liquid).  In  contrast  with  the 
PZN-B  crystals  grown  at  a  cooling  rate  of  l°C/h.  the 
PZN-C  crystals  also  showed  decreased  Zn/Nb  ratio.  In 
this  case,  the  higher  soaking  temperature  may  have  been 
responsible  for  a  Zn-deficient  composition  owing  to  the 
volatilization  of  Zn-rich  phase.  The  l°C/h  cooling  also 
efficiently  allows  the  batches  to  stay  at  a  higher  tem¬ 
perature  longer  inducing  more  volatilization  of  Zn-rich 
phase. 

The  color  of  the  crystals  varied  significantly  with  re¬ 
spect  to  growing  conditions,  as  presented  in  Table  I. 
PZN- A  crystals  were  colorless  whereas  PZN-B  crystals 
were  slightly  yellow,  and  PZN-C  crystals  dark  brown 
for  both  as-grown  crystals  and  dielectric/piezoelectric 
measurement  samples  (thickness  0.2  to  0.5  mm).  One 
possible  explanation  of  coloration  is  the  role  of  defects 
involved  with  oxygen  vacancies  or  interstitials  both  of 
which  are  common  in  perovskite  crystals. 14)  However, 
direct  inspection  such  as  high  temperature  annealing 
in  order  to  check  that  possibility  could  not  be  em¬ 
ployed  because  perovskite  PZN  crystal  transforms  into 
pyrochlore. 10)  Figure  3  utilizes  XRD  to  demonstrate  the 
decomposition  of  PZN  crystal  powder  annealed  for  2  h  at 
the  temperatures  of  500° C.  700° C,  900°  C,  and  1050°  C 
in  the  air.  Transformation  to  the  pyrochlore  phase 
were  initiated  at  only  2h  annealing  at  temperatures  of 
700°  C  with  100%  pyrochlore  phase  after  2  h  annealing  at 
1050°  C.  This  confirmed  the  perovskite  phase  instability 
without  the  presence  of  the  PbO  flux. 

Another  possible  explanation  of  coloration  is  the  role 
of  impurities  caused  by  the  reaction  between  the  solution 
and  crucible  at  high  temperature.  However,  no  impuri¬ 
ties  such  as  Pt  could  be  found  within  the  detection  limit 
of  ICP  as  presented  in  Table  II.  Additional  studies  are 
required  to  investigate  the  origin  of  the  coloration. 

3.2  Dielectric  and  polarization  behavior 

One  of  the  direct  effects  of  compositional  variation  on 
the  dielectric  properties  of  relaxor  ferro electrics  is  the 
shift  of  the  temperature  where  the  dielectric  constant 
is  maximum  (TmfcX).l5~1T)  Figure  4  shows  the  tempera- 
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Fig.  3.  XRD  patterns  of  Pb(Zn1/3Nb2/3)03  crystal  powder  after 
heat  treatment  for  2h  at  (a)  500°  C,  (b)  700°  C,  (c)  900°  C,  (d) 
1050°  C. 


Fig.  4.  Temperature  dependence  of  dielectric  constant  for  (Ill) 
oriented  Pb(Zn1/3Nb2/3)03  crystals. 


ture  dependence  of  dielectric  constant  for  the  various 
PZN  crystals.  Troajc  of  the  PZN  crystals  was  found  to 
be  dependent  on  composition  as  shown  in  Fig.  4.  The 
decreased  Zn/Nb  ratio  was  associated  with  an  increase 
in  The  opposite  obervation,  decreased  Tmax  with 

decreased  Zn/Nb  ratio,  had  been  reported  by  Matsuo. l7) 
This  might  be  ascribed  to  the  different  growth  condi¬ 
tions.  Faster  cooling  rate  (25°C/h)  in  ref.  17  might  be 
associated  with  the  second  phase  inclusions.  All  the  crys¬ 
tals  followed  the  quadratic  law,  l/K  ~  (T  —  Tm^)2  at 
temperatures  higher  than  rmftX.  Table  HI  presents  the 
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Tabic  lU.  Dielectric  (1  kHz)  and  E«5e!d  induced  properties  of  PZN  cry^srals  ((111)  orientation)  at  room  temperature 


A'rt 

(virgin) 

loss 

(virgin) 

Art 

(poled) 

loss 

(poled) 

T m  .  . 

(°C) 

A  mu 

(mC/ cm3) 

Pr 

(kV/cm) 

Ec 

*3  (pC/X) 

PZN-A 

3490 

0.054 

2540 

0.047 

145 

39700 

18 

4.6 

10 

PZN-B 

.  5350 

0.066 

2980 

0.013 

126 

44600 

30 

4.0 

88 

PZN-C 

3140 

0.032 

1260 

0.019 

135 

57000 

42 

3.6 

86 

Tmajc  and  dielectric  constant  ( K ,  1  kHz)  at  room  temper¬ 
ature.  PZN-B  crystals  showed  the  lowest  TmtkX  (126°  C. 
1kHz),  the  room  temperature  dielectric  constant  being 
higher  than  both  PZN-A  and  PZN-C  crystals.  For  the 
case  of  as-grown  crystals,  higher  dielectric  loss  was  ob¬ 
served  with  PZN-B,  which  can  be  also  ascribed  to  a  low 
Tmmx.  All  the  PZN  crystals  exhibited  a  linear  depen¬ 
dency  of  1/Tmax  =  /(lnuz)  (u:  measuring  frequency)  as 
observed  for  other  relaxor-ferroelectrics.  shown  in  Fig.  5. 
The  frequency  behavior  of  Tmtx  for  PZN  crystal  in  ref.  3 
is  compared,  ranging  between  those  of  PZN-A  and  PZN- 
C.  However,  growth  conditions  could  not  be  directly 
compared  due  to  the  lack  of  specific  conditions  reported 
in  the  literature.  It  could  be  found  from  the  slopes  in 
Fig.  5  that  Tmax  was  more  dependent  on  measurement 
frequency  as  Tmax  decreases.  A  decrease  of  Tmax  would 
induce  the  increase  of  frequency-dependent  contributions 
(reorientation  of  polar  regions)  :o  polarization  through 
the  temperature  range  of  the  diffuse  phase  transition. 

Figure  6  shows  P  vs.  E  behavior  for  the  various  PZN 
crystals  at  room  temperature.  Remnant  polarization 
(Pr)  and  coercive  field  (£c)  are  reported  in  Table  EEL 
An  increased  Curie  temperature  (T,.  here  translated  into 
Tfflax)  corresponds  to  an  increase  in  Pr  at  room  temper¬ 
ature.  PZN-C  crystal  (Tmax  =  135°C.  1  kHz)  exhibited 
larger  Pr  than  PZN-B  (Tmax  =  126°C),  but  in  case  of 
PZN-A  crystal  (Tmax  =  143’ C).  small  PT  was  observed 
in  spite  of  highest  Tmax  among  the  crystals.  This  may  be 
ascribed  to  the  poor  crystal  quality  of  PZN-A,  probably 
a  subsequence  of  relatively  fast  cooling  rate  during  crys¬ 


tal  growth.  It  should  be  noted  that  mechanical  failure 
happened  most  frequently  during  the  sample  preparation 
of  PZN-A  crystal.  Therefore,  it  could  be  said  that  the 
inferior  crystal  quality  of  PZN-A  is  responsible  for  low 
Pr  in  spite  of  high  Troax. 

3.3  Relaxor- ferroelectric  transition 

In  Table  HI.  decreased  dielectric  constant  (K)  and  loss 
are  reported  for  the  poled  crystals  However,  the  ratio  of 
i^po;«/P*vircin  varied  from  ~0.75  (PZN-A)  to  ~0.4  (PZN- 
C).  The  piezoelectric  coefficient  (d33)  also  varied  from 
values  as  low  as  ~10pC/N  (PZN-A)  to  ~80pC/N  (PZN- 
B.  PZN-C).  The  low  value  of  d33  for  (111)  oriented  PZN 
crystals  was  also  reported  by  Kuwata.71  These  observed 
low  values  of  d33  are  belived  to  be  associated  with  domain 
instability  with  respect  to  crystal  orientation,  reported 
elsewhere.61 

It  has  been  suggested  that  as  grown  PZN  crystals  do 
not  exhibit  a  macrodomain  stare  before  poling.51  There¬ 
fore.  poling  of  PZN  crystals  can  be  also  translated  into 
switching  of  the  relaxor  state  to  macrodomain  state.  The 
poled  crystals  transform  to  relaxor  with  the  increase 
of  temperature  at  7Vr  (ferroeiectric-rclaxor  transition 
temperature).  The  7>r  was  reported  to  be  ~  -60°C 
and‘-100°C  for.Pb(Mg1/3Nb:/3)b3:s  191  and  PZN  relax- 
ors.201  respectively  For  transducer  applications,  relaxor 
based  crystals  should  stay  in  the  oriented  macrodomain 
state.  Transition  temperature  ;7fr)  of  ferroelectric- 
relaxor  implies  the  temperature  limit  of  the  oriented  fer¬ 
roelectric  macrodomain  state,  and  that  of  a  given  trans- 


Frequencv  (Hz) 


Electric  Field  (kV/cm) 


Fig.  5.  1  /Ttam.x  as  a  function  of  In  /  for  Pb(Zn  i/3Nb2/3)03  crys¬ 

tals  (dot  line  form  ref.  3). 


Fig.  6.  Polarization  as  a  function  of  eiectric  field  for  (111)  ori 
ented  Pb(Zn  1/3Nb:/3)03  crystals 
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ducer  application.  Hence,  the  high  TFR  is  required  for 
increased  temperature  stability  of  piezoelectric  proper¬ 
ties.  * 

Figure  7  shows  the  dielectric  constant  as  a  function  of 
temperature  with  heating  (no-fieid)  from  room  temper- 
ature  to  210°C  for  poled  crystal.  An  abrupt  increase  of 
the  dielectric  constant  (indicated  by  arrow)  can  be  ob¬ 
served  for  PZN-B  and  PZN-C  crystals,  indicating  ferro¬ 
electric  (macrodomain)-relaxor  transition.  TFR’s  of  72°C 

and  105’  C  were  observed  for  PZN-3  and  PZN-C  crystals 
respectively.  Different  TFR  for  PZN-B  and  PZN-C  crys- 
tals  acme  to  the  free  energy  variation  associated  with 
the  dinerent  Tmax.  This  transition  was  not  observable  for 
PZN-A  crystals  in  Fig.  7.  However,  ferroelectric-relaxor 
transition  oehavior  for  PZN-A  crystal  could  be  observed 
om  the  dielectric  loss  as  a  function  of  temperature  for 
po  ed  crystals  (Fig.  8).  Decreased  dielectric  loss  bv  E- 
held  exposure  showed  an  abrupt  jump  at  TFR  (indicated 
by  arrow  again)  but  TFR  of  PZN-A  crystal  was  almost 
same  as  that  of  PZN-C  in  spite  of  higher  Tmax.  This 
behavior  may  be  also  ascribed  to  poor  domain  stability, 
resulted  from  inferior  crystal  quality. 

4.  Conclusions 

The  dielectric  and  ferroelectric  behavior  of  PZN  crys¬ 
tals  grown -by  the  flux  technique  were  determined  as  a 
function  or  growth  conditions.  Increased  cooling  rate 
and  soaking  temperature  caused  the  Zn/Nb  ratio  to  de¬ 
crease,  which  corresponded  to  a  shift  of  both  Tmmx  and 
teiroelectric-relaxor  transition  to  higher  temperatures 

and  various  room  temperature  dielectric  constant  and 
loss. 

Crystal  quality  and  color  were  also  as  a  function  of  the 
growing  condition.  Relatively  fast  cooling  rate  (>5°C/h) 
may  have  associated  with  inferior  crystal  quality,  result- 
rng  in  poor  domain  stability  after  poling,  lower  piezoelec- 
nc  coefficient,  and  low  ferroelectric-relaxor  transition 
temperature. 


Fig-  3  Temperature  dependence  of  dielectric  loss  for  E-field  ex- 
orientario°n)  Pb(Zn1/3Nb,/3)03  crystals  (heating  run,  (111) 
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The  relaxor  ferroelectric  lead  zinc  niobate  (PbfZn^Nb^Oj) 
has  been  intensively  investigated,  because  of  its  large  dielec* 
trie  and  piezoelectric  properties  for  applications  in  actua¬ 
tors  and  transducers.  In  this  study,  the  in-situ  behavior  of 
the  domains  in  P^Zn^jNbj/jjOj  single  crystals  has  been 
observed  using  optical  microscopy  in  combination  with  a 
charge-coupled  device  (CCD)  camera.  The  temperature  of 
the  sample  has  been  cycled  between  -185°C  and  +200°C, 
while  applying  an  electric  field  of  up  to  ±10  kV/cm.  Many 
characteristics,  such  as  the  induction  of  birefringence,  the 
transition  between  the  microdomains  and  macrodomains, 
and  the  “freeze-in”  of  the  macrodomains,  have  been  opti¬ 
cally  observed.  The  optical  and  dielectric  data  have  been 
collected  and  plotted  as  a  function  of  temperature  and 
electric  field.  An  electric-field-temperature  diagram  show¬ 
ing  five  domain-related  regions  has  been  proposed.  The 
microdomain-to-macrodomain  phase  transitionlike  behav¬ 
ior  seems  to  be  an  analog  of  a  martensitic  phase  transition. 

I.  Introduction 

Lead  zinc  niobate.  PbCZn^Nb^jOj  (PZN),  single  crystals 
have  been  studied  intensively  since  it  was  suggested  in 
1981  that  they  would  make  good  candidate  materials  for 
actuator  and  transducer  applications,  because  of  their  large 
dielectric  constant  (XRT  3000)  and  piezoelectric  coefficient 
(d%  1050  X  10"12  C/N).1,2  PZN  has  a  disordered  perovskite 

structure  in  which  the  Zn2+  and  Nb5+  ions  exhibit  short-range 
ordering  on  the  B  site,  resulting  in  regional  composition  varia¬ 
tions  on  the  nanometer  scale.3,4  These  compositional  fluctua¬ 
tions  not  only  broaden  the  phase  transition  but  also  introduce 
fine-scale  inhomogeneities  for  the  nucleation  of  microdomains. 

The  symmetry  of  PZN  is  cubic,  Pm3m,  above  the  Curie 
temperature  and  rhombohedral,  3m,  below  the  transition  point. 
Because  a  broad  phase  transition  occurs  in  PZN,  a  “Curie 
temperature  range/  T„y  occurs  rather  than  a  Curie  temperature 
as  in  normal  ferroelectrics.3,5  In  this  study,  the  Curie  tempera¬ 
ture  range  correlates  to  the  “microdomain  formation  tempera¬ 
ture/  Tm.  Krt  and  dielectric  loss  (tan  8)  values  are  strongly 
dependent  on  the  measurement  frequency  (dielectric  relax¬ 
ation).  At  l  kHz,  Tm  occurs  at  —  140°C  with  a  KRT  maximum  of 
56000  along  the  (1 1 1).6 

The  broad  phase  transition  and  frequency  dispersion  that  are 
exhibited  by  relaxor  ferroelectrics  such  as  PZN  have  a  strong 
link  to  the  configurations  of  the  ferroelectric  microdomains. 
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Static  ferroelectric  domains  have  been  observed  by  several 
methods,  such  as  optical  microscopy  on  acid-etched  samples7 
or  transmission  electron  microscopy  (TEM)  on  mechanically 
thinned  samples.4  However,  the  dynamic  observation  of  switch¬ 
ing  domains  under  an  applied  electric  field  or  with  changing 
temperature  has  been  difficult  experimentally,  which  has 
resulted  in  limited  research  efforts.8-11 

An  optical  technique  has  been  used  to  explore  the  growth  of 
macrodomains  (>0.1  fim)  from  microdomains  (~20  nm  and 
0.1  p.m)  in  PZN  single  crystals  along  the  (111)  direction,  as 
functions  of  temperature  and  applied  electric  field.  The  mea¬ 
sured  dielectric  constant  d ?3  and  tan  8,  as  a  function  of  tempera¬ 
ture  for  a  poled  sample,  are  compared  to  the  optically  observed 
macrodomain  motion  in  an  attempt  to  develop  a  fundamental 
understanding  of  the  relaxor  behavior  in  PZN.  The  focus  of  this 
paper  is  to  develop  an  electric-field-temperature  diagram  that 
describes  the  domain  behavior  in  PZN.  Optically  and  electri¬ 
cally  measured  characteristics  will  be  used  to  develop  the  dif¬ 
ferent  phase  fields. 

II.  Experimental  Procedure 

Single  crystals  of  PZN  were  grown  using  a  flux  method  with 
excess  lead  oxide.6  The  crystals  were  light  brown,  with  sizes 
ranging  from  0.5  mm  to  1  cm  on  an  edge.  The  Lau6  X-ray 
technique  was  used  to  precisely  determine  the  [1 1 1]  directions 
in  the  crystals.  The  crystals  were  then  sliced,  ground  to  a 
thickness  of  100  pm,  and  polished  with  diamond  paste  until  a 
near-mirror  finish  was  obtained  on  both  surfaces.  The  samples 
were  sputtered  on  the  top  and  bottom  surfaces  with  a  very  thin, 
semitransparent  gold  layer,  as  shown  in  Fig.  1.  Silver  leads 
were  attached  to  the  sample  with  air-dry  silver  paste. 

The  domain  patterns  were  observed  by  polarized  light  that 
was  transmitted  through  the  single  crystal  along  the  (111),  the 
spontaneous  polarization  direction.  A  high-resolution  charge- 
coupled  device  (CCD)  camera  was  attached  to  a  petrographic 
TEM  microscope  (Nikon,  Tokyo,  Japan)  that  was  connected 
to  a  monitor  and  videocassette  recorder  (VCR),  as  illustrated 
in  Mulvihill  et  al .’  Polarizing  light  microscopy  was  used 
to  observe  the  domains  at  magnifications  of  up  to  1300X 
through  the  birefringence  difference  between  the  domains.  The 
temperature-controlled  sample  stage,  in  conjunction  with  the 
long  working  distance  of  the  objective  lens,  allowed  an  electric 
field  to  be  applied  across  the  sample  while  cycling  the  tempera¬ 
ture.  The  electric  field  was  applied  as  a  triangular  wave  at 
0.05  Hz  with  a  maximum  field  level  of  ±10  kV/cm,  and  the 
temperature  was  cycled  between  200°C  and  —  185°C.  The  mov¬ 
ing  domain  walls  and  domain  patterns  were  instantaneously 
recorded  by  the  VCR  and  observed  on  the  monitor. 

m.  Results  and  Discussion 

(1)  Development  of  Electric-Field-Temperature  Diagram 

The  microscope  system  was  used  to  observe  many  character¬ 
istics  of  the  PZN  domain  structure,  such  as  the  birefringence 
change,  the  microdomain-to-macrodomain  transition,  and  die 
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Ag  lead  Direction  of  Observation 


i 


Direction  of  Light  £  Gold  Electrode 


f~l  Sample 

[~~|  Glass  Sample  Holder 


Fig.  1.  Schematic  of  the  side  view  of  an  electroded  PZN  sample 


“freeze-in*’  temperature.  The  magnitude  of  the  electric  field  has 
been  plotted  against  temperature  using  the  optically  observed 
characteristics  and  measured  dielectric  data,  as  shown  in  Fig.  2. 
which  identifies  five  domain-related  regions 

Because  the  birefringence  changes  were  caused  by  the  align¬ 
ment  of  the  microdomains  and  the  peak  in  the  permittivity  (at 
0.05  Hz)  was  caused  by  the  onset  of  microdomains,  it  was 
assumed  that  these  two  anomalies  marked  the  first  phase  transi¬ 
tion  when  the  temperature  was  decreased.  It  is  the  boundary 
between  the  paraelectric  and  ferroelectric  microdomain  regions, 
which  will  be  discussed  in  Section  III (I)(A). 

The  second  transition  occurs  at  the  temperature  where  the 
macrodomains  appear  when  field  cooling  is  applied  and  disap¬ 
pear  when  field  heating  is  applied,  which  will  be  discussed 
in  Section  ll\(l)(B).  This  transition  separates  the  ferroelectric 
microdomain  region  from  the  ferroelectric  macrodomain  region 
and  corresponds  to  the  shoulderlike  anomaly  of  the  permittivity 


curve.  Section  IWtltfC)  describes  the  behavior  of  the  switch¬ 
ing  macrodomains,  as  a  function  of  the  electric  field  and 
temperature 

The  third  transition  occurs  at  the  domain  freeze-in  tempera¬ 
ture.  which  will  be  discussed  in  Section  II \(J)(D).  When  the 
field  heating  is  applied,  the  unfreezing  temperature  occurs  at 
slightly  higher  temperatures.  (The  freeze-in  temperature  that  is 
referenced  in  this  study  corresponds  to  the  temperature  when 
the  electric  field  cannot  switch  the  macrodomains  anymore.) 
The  transition  temperature  between  the  ferroelectric  macro¬ 
domain  region  and  the  ferroelectric  frozen  domain  region  shifts 
to  lower  temperatures  as  the  magnitude  of  the  electric  field 
increases.  In  the  vicinity  of  this  transition  temperature,  the 
dispersion  of  tan  8  is  observed. 

(A)  Boundarv  between  Paraelectric  Region  4->  Ferroelec¬ 
tric  Microdomain  Region:  The  single  crystals  used  in  this 
study  were  beige  in  the  paraelectric  region  and  retained  this 


Fig.  2.  Suggested  five  domain-related  electric-field-temperature  diagram,  as  positive  and  negative  electric  fields  arc  plotted,  as  a  function 
of  temperature. 
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color  as  the  temperature  was  cycled  between  200°C  and 
-185°C  without  an  applied  electric  field.  Under  an  applied 
electric  field  (0.05  Hz)  near  the  microdomain  formation  temper¬ 
ature  {T„X  the  color  of  the  single  crystal  changed  to  a  combina¬ 
tion  of  blues  and  browns.  The  macroscopic  birefringence  that 
has  been  detected  as  color  changes  in  the  crystal  was  caused 
by  the  microdomains  orienting  with  the  electric  field.  As  the 
magnitude  of  the  ac  field  increased,  the  microdomain  forma¬ 
tion  temperature  (the  temperature  at  which  the  birefringence 
appeared)  increased.  The  first  boundary  was  determined  by 
observing  birefringence  as  a  function  of  the  electric  field  and 
temperature.  No  temperature  hysteresis  was  observed  at  the 
paraelectric  <->  ferroelectric  microdomain  boundary,  repre¬ 
sented  by  solid  triangles  in  Fig.  2. 

The  position  of  the  paraelectric  ++  ferroelectric  microdomain 
boundarv  was  supported  by  the  KRT  and  tan  5  behavior  for  an 
unpoled’ (Fig.  3)  and  poled  (Fig.  4)  PZN  single  crystal.  The 
dielectric  behaviors  were  identical  for  both  the  poled  and 
unpoled  samples  at  temperatures  of  >T,„.  However,  when  Tm, 
as  a  function  of  frequency,  for  the  unpoled  sample  was  plotted 
and  then  extrapolated  to  a  frequency  of  0.05  Hz.  Tn,  was 
~124°C.  The  frequency-dependent  transition  temperature 
corresponded  to  the  paraelectric  +»  ferroelectric  microdomain 
boundary,  represented  by  a  solid  triangle  at  124°C  (for  0.05  Hz) 
in  Fig.  2. 

( B )  Boundary  between  Ferroelectric  Microdomains  +->  Ferro¬ 
electric  Macrodomains:  The  ferroelectric  microdomain  — » 
macrodomain  boundary  temperature  was  that  at  which  the 
macrodomains  were  first  observed  with  an  electric  field,  repre¬ 
sented  by  solid  circles  in  Fig.  2.  This  temperature  (~-110°C) 
was  almost  constant  for  all  applied  electric  fields.  Macrodo¬ 
mains  were  not  observed  with  fields  below  ±0.7  kV/cm,  the 
threshold  field  (EJ  of  PZN.  The  threshold  field  is  necessary  to 
induce  the  microdomain-to-macrodomain  transition.  A  thresh¬ 
old  field  also  was  observed  in  Pb(Mg1/3Nb:/1)0,  (PMN).12 

When  field  heating  was  applied,  the  ferroelectric  micro- 
domain  <—  macrodomain  boundary,  which  was  characterized  by 
the  disappearance  of  the  macrodomains,  occurred  at  slightly 
higher  temperatures,  represented  by  the  open  circles  in  Fig.  2. 
The  boundary  increased  to  higher  temperatures  as  the  electric- 
field  level  increased. 

The  dielectric  behavior  that  is  represented  in  Figs.  3  and  4 
also  supports  the  ferroelectric  microdomain  <■+  macrodomain 
boundary.  Frequency  dispersion,  which  is  exhibited  by  the 
unpoled  sample,  did  not  occur  in  the  poled  sample  below  this 
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temperature.  The  temperature  region  (~  100°-  120°C)  where 
Krt  had  a  nondispersive  frequency  behavior  appeared  as  a 
’‘shoulder"  in  the  poled  sample,  as  shown  in  Fig.  4.  Also,  the 
dielectric  loss  (tan  8)  decreased  drastically  in  this  temperature 
region.  The  decrease  in  tan  8  and  the  shoulder  in  the  poled 
sample  were  caused  by  the  macro  omain  generation  by  the 
+  15  kV/cm  poling  field.  Howeve..  in  the  unpoled  sample, 
the  microdomains  had  not  aligned  and  the  variation  in  the 
orientations  of  the  microdomains  caused  frequency  dispersion 
in  the  dielectric  data.  This  temperature  region,  from  the  start  of 
the  frequency  dispersion  (M24°C)  to  100°C.  corresponds  to 
the  ferroelectric  microdomain  region.  The  shoulder  corresponds 
to  the  critical  temperature  ( 100°C)  that  signifies  the  ferroelectric 
microdomain  macrodomain  boundary. 

(C)  Ferroelectric  Macrodomain  Behavior:  The  macro¬ 
domain  region  occurs  at  temperatures  of  <U0°C  at  >0.7 
kV/cm  and  remains  until  the  macrodomains  are  not  switchable 
with  the  electric  field  anymore.  Several  interesting  macro¬ 
domain  behaviors  were  observed  as  a  function  of  the  electric 
field  and  temperature. 

Figures  5(A)~(D)  are  micrographs  of  the  domain  patterns  of 
PZNsingie  crystal  at  100°C  as  the  electric  field  increased.  The 
domain  wall  density  increased  as  the  electric  field  was 
increased  from  1.3  kV/cm  to  5  kV/cm.  The  length  of  macro¬ 
domains  elongated  and  narrowed  as  the  electric  field  increased. 
The  domain  modulations  were  —5  p.m  in  size  and  lenticular  in 
shape.  The  domain  walls  oriented  along  [011]  directions.  None 
of  the  samples  that  were  examined  achieved  a  monodomain 
state,  even  when  a  dc  bias  of  up  to  +15  kV/cm  was  applied, 
which  is  similar  to  monodomain  behavior  that  has  been 
reported  in  PMN  single  crystals12  but  contrary  to  later  PMN 
results/ 

Figures  6(A)-(D)  demonstrate  the  electric-field  dependence 
of  the  domain  density  change  during  15  s  of  a  20  s  cycle  at 
60°C.  In  each  of  these  figures,  the  direction  of  the  electric 
field  is  normal  to  the  micrograph.  The  domains  seem  to  have 
equivalent  numbers  and  structures  in  the  region  between 
+5  kV/cm  and  -5  kV/cm.  as  shown  in  Figs.  6(A)  and  (C), 
respectively.  Such  a  result  is  expected  from  the  crystallographic 
symmetry  requirements  of  PZN. 

(D)  Boundary  between  Ferroelectric  Macrodomains  <-» 
Frozen  Ferroelectric  Macrodomains:  At  temperatures  that 
were  electric-field  dependent,  the  macrodomains  became  non- 
switchable.  This  temperature  is  referred  to  as  the  macrodomain 
freeze-in  temperature,  represented  by  solid  squares  in  Fig.  2. 
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Fig.  3.  Permittivity  versus  temperature  for  an  unpoled  PZN  single  crystal  at  100  Hz.  1kHz.  10  kHz.  and  100  kHz. 


Fip.  5.  Four  frames  from  the  videotape  mat  represent  chances  in  domain  denMt\  at  inn  (  v\ nn  inercjMnc  electric  held  n  V  I..V  1B1  2,5.  iC i  .Vs. 
and  (Di  5.0  kV/cmi 
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(C)  (D) 

Fig.  6.  PZN  single  crystal  during  15  sofa  20  s  cycle  at  60°C  ((A)  l  s.  t5  kV/cm:  (B)  5  s.  OkV/cm:  (O  10  s.  -5  kV/cm:  and  (Di  15  s.O  kV/cm  >. 


The  dispersion  of  the  tan  6  value  that  is  observed  below  —  70°C 
in  Fig.  3  may  be  attributed  to  the  domain  freeze-in  phenome¬ 
non.  The  freeze-in  temperature  marked  the  ferroelectric  macro¬ 
domain  frozen  macrodomain  boundary.  When  held  heating 
was  applied,  the  thawing  or  “unfreezing  temperature,  repre¬ 
sented  by  open  squares  in  Fig.  2.  occurred  at  temperatures 
slightly  higher  than  the  freeze-in  temperature,  indicating  a 
slight  temperature  hysteresis.  The  unfreezing  temperature  rep¬ 
resented  the  ferroelectric  macrodomain  <-  frozen  macrodomain 
boundary.  The  behavior  of  the  electric-field  dependence  was 
approximately  the  same  when  field  heating  and  cooling  were 
applied. 

At  temperatures  just  above  the  freeze-in  temperature,  the 
single  crystal  seemed  to  undergo  a  domain  structural  transition. 
The  domains  split  into  narrower  domain  segments.  The  width 
of  each  segment  decreased  as  the  temperature  decreased.  The 
segments  switched  synchronistically.  At  r  3  kV/cm.  the  domain 
switching  was  “frozen  in”  at  —  50°C.  However,  at  ±5  kV/cm. 
the  freeze-in  temperature  occurred  at  —  150°C.  Figures  7(A)- 
(D)  show  the  domain  configuration  at  -t-5  kV/cm  (ac  field  of 
r5  kV/cm )  as  the  temperature  was  decreased  from  26°C  down 
to  -  154°C.  For  this  sample,  as  the  temperature  decreased,  the 
number  density  of  domains  also  decreased. 

The  polarization-versus-electric-field  ( P  vs  £)  data,  shown 
in  Fig.  8.  supported  the  optically  observed  freeze-in  tempera¬ 
ture  for  PZN  single  crystals.  For  a  normal  ferroelectric,  the 
p  vs.  E  curve  has  an  “S^-shaped  hysteresis.  With  PZN.  the 


P  vs.  £  curve  developed  a  rounded  rhombic  loop  as  the  temper¬ 
ature  decreased.  As  the  electric  field  increased,  the  rhombic 
loop  was  maintained  to  lower  temperatures,  as  shown  in 
Figs.  8(A)-(D).  At  the  freeze-in  temperature,  the  loop  closed 
as  spontaneous  polarization  vanished.  From  Fig.  8,  it  can  be 
observed  that,  at  r5  kV/cm.  the  rhombic  loop  closed  between 

-  125°C  and  -I75°C.  which  is  in  the  same  temperature  range 
as  the  optically  observed  domain  freeze-in  temperature  of 

-  150°C  plotted  in  Fig.  2.  However,  even  at  —  1 75°C.  the  P  vs.  £ 
curve  for  ±  10  kV/cm  has  a  slight  rhombic  shape,  which  signi¬ 
fies  that  the  sample  was  still  able  to  switch. 

(E)  Ferroelectric  Frozen  Microdomain  Region:  At  tem¬ 
peratures  of  <100°C  and  electric  fields  between  +0.7  kV/cm 
and  -*0.7  kV/cm.  a  fifth  domain-related  region  is  proposed. 
This  region  is  called  the  ferroelectric  frozen  microdomain 
region.  Because  the  size  of  the  microdomains  is  below  the 
resolution  of  the  optical  microscope,  this  region  has  been 
extrapolated:  therefore,  it  is  represented  by  the  dashed  lines 
in  Fig.  2. 

(2)  Phase  Transition  Analogy  between  PZN 
Microdomains  and  Platelike  Martensite  Regions 

The  optically  observed  domain  behavior  in  PZN  seems  to  be 
analogous  to  a  martensitic  phase  transition  (MPT).  This  idea 
was  suggested  for  the  domain  behavior  of  PMN.i:  The  MPT  is 
dispersive  and  initiates  at  a  temperature  Af.  which  is  the  mar¬ 
tensite  start,  and  stops  at  a  temperature  Af..  which  is  the  mar¬ 
tensite  finish. ,:'lJ  The  martensite  phase  begins  far  above  the 


(C) 


(D) 


Fig.  7.  Density  of  domains,  decreased  as  temperature  decreases  at  +5  kV/cm  ((A)  24c,  (B  >  -  5.V.  (C )  -  1 16:.  and  (Di  -  !  ,S4°C  \ 


global  transition  temperature  by  the  formation  of  platelike  mar¬ 
tensitic  regions  in  the  parent  phase.  The  platelike  martensitic 
regions  form  randomly  in  the  structure.13  The  growth  of  these 
regions  occurs  by  the  formation  of  new  plates  as  temperature 
decreases  rather  than  by  increasing  the  size  of  already-formed 
plates.  The  M ,  temperature  of  a  MPT  can  be  shifted  to  higher 
temperatures  with  increasing  stress.13  which  could  be  under¬ 
stood  from  the  formation  of  the  local  stress  concentration  15 
Another  property  of  a  MPT  is  a  large  temperature  hysteresis 
between  heating  and  cooling. 

The  behavior  of  PZN  microdomains  that  form  between  the 
paraelectric  region  and  macrodomain  region  under  applied  elec¬ 
tric  field  seems  to  be  an  analog  of  the  platelike  martensitic 
regions  in  a  MPT.  In  Section  ll\(J)(A).  the  onset  of  birefrin¬ 
gence,  as  well  as  the  peak  in  the  permittivity,  were  the  first  sign 
of  the  alignment  of  die  microdomains  in  the  nonpolar  region 
The  microdomains  and  nonpolar  regions  correspond  to  the 
platelike  martensite  regions  and  parent  phase,  respectively.  The 
temperature  of  the  observed  birefringence  (beginning  of  micro¬ 
domains)  as  a  function  of  electric  field,  shown  in  Fig.  2,  is 
analogous  to  the  M,  temperature  (beginning  of  platelike 
regions)  in  a  MPT.  Also,  the  temperature  at  which  birefringence 
occurs  notably  increases  as  the  electric  field  increases,  which 
also  is  similar  to  a  stress-induced  increase  of  the  M,  in  a  MPT. 
The  temperature  where  the  first  macrodomains  are  observed  at 
a  particular  electric  field  is  analogous  to  the  M,  temperature  in  a 
MPT  where  all  the  parent  phase  has  been  transformed.  The 


transition  temperature  range  (M,  to  M, )  and  the  dispersion  of  a 
MPT  are  similar  to  a  dispersive  and  broad  rclaxor  ferroelectric 
transition  Figure  2  shows  a  temperature  hysteresis  between 
the  microdomain  «->  macrodomain  transition  when  heating  and 
cooling  is  applied  A  temperature  hysteresis  also  is  a  property 
of  a  MPT.  Short-range  order  exists  in  each  microdomain:  how¬ 
ever.  the  microdomains  are  randomly  distributed  over  the  entire 
structure.4  similar  to  the  random  formation  of  the  platelike 
martensitic  regions 

There  are  many  observed  behaviors  of  the  microdomains  in 
PZN  that  seem  to  be  analogous  to  martensite  regions  in  metal 
alloys  Further  study  is  necessary  to  determine  if  this  MPT 
modeling  can  be  applied  to  the  relaxor  ferroelectric  microdo¬ 
main  behavior 

IV.  Summary 

Five  domain-related  regions  have  been  shown  to  exist  in  PZN 
in  an  electric-field-temperature  diagram.  The  boundaries  of 
these  regions  were  determined  by  optical  observations  of  the 
domain  configurations.  These  results  suggest  that  the  tempera¬ 
ture  at  which  the  initial  birefringence  occurs  increases  as  the 
electric  field  increases  This  temperature  can  be  considered  as 
the  border  between  the  paraelectric  and  ferroelectric  microdo¬ 
main  regions  The  transition  from  ferroelectric  microdomains 
to  ferroelectric  macrodomains  when  field  cooling  is  applied 
occurs  at  —  1 30°C  and  is  independent  of  the  electric  field.  When 
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(A)  (B) 


(C)  (D) 

Fig.  8.  Polarization  as  a  function  of  electric  field  for  several  field  magnitudes  at  decreasing  temperature  ((A)  25°,  (B)  —50°,  (C)  —125° , 
and  (D)  -  175°C). 


the  dielectric  constant  of  an  unpoled  PZN  single  crystal  is 
compared  to  that  of  a  poled  sample,  a  shoulder  occurs  in  the 
dielectric  constant  of  the  poled  sample.  The  shoulder  at  100°C 
for  the  poled  sample  is  caused  by  the  microdomain  alignment. 
This  temperature  corresponds  to  the  optically  observed  micro- 
domain-to-macrodomain  transition.  The  freeze-in  temperature, 
when  field  cooling  is  applied,  and  the  unfreezing  temperature, 
when  field  heating  is  applied,  is  optically  observed  and 
decreases  in  temperature  as  the  electric  field  increases.  This 
observation  is  confirmed  by  the  P  vs.  E  curves  at  various  tem¬ 
peratures  and  electric  fields.  As  the  freeze-in  temperature  is 
attained,  the  shape  of  the  P  vs.  £  curve  changes  from  a  ferro¬ 
electric  “S”  shape  to  a  closed  loop,  which  was  accompanied 
by  the  disappearance  of  spontaneous  polarization.  The  micro¬ 
domain  region  behaves  analogously  to  the  platelike  martensite 
regions;  therefore,  one  might  explore  the  possibility  of  using 
some  of  the  well-documented  studies  on  martensite  to  study  the 
ferroelectrics  relaxor  systems. 

References 

'J.  Kuwata,  K.  Uchino,  and  S.  Nomura.  "Phase  Transitions  in  the 
Pb(Zn ,  „  Nby,  )0  j-PbTiO,  System”  Ferroelectrics ,  37. 579-82  (1981). 

2J.  Kuwata,  K.  Uchino,  and  S.  Nomura,  “Dielectric  and  Piezoelectric  Proper¬ 
ties  of  0.91PZN-0.10PT  Single  Crystals,”  Jpn.  J.  Appl.  Phys .,  21,  1298-302 
(1982). 

3Y.  Yokomizo,  T.  Takahashi,  and  S.  Nomura,  "Ferroelectric  Properties  of 
PbCZn^Nb^XV /-  Phys.  Soc .  Jpn.,  28, 1278-84  (1970). 


*C.  A.  Randall  and  A.  S.  Bhalla,  "Nanostructure-Property  Relations  in  Com¬ 
plex  Lead  Perovskites  ”  Jpn.  J.  Appl.  Phys.,  29, 327-33  (1990). 

5J.  Kuwata.  K.  Uchino,  and  S.  Nomura.  “Diffuse  Phase  Transition  in  Lead 
Zinc  Niobate Ferroelectrics ,  22, 863-67  (1979). 

‘M.  L.  Mulvihill,  S.  E.  Park.  G.  A.  Risch,  Z.  Li.  K.  Uchino.  and  T.  R.  Shrout. 
"The  Role  of  Processing  Variables  in  the  Flux  Growth  of  PZN-PT  Relaxor 
Ferroelectric  Single  Crystals,"  Jpn.  J.  Appl.  Phys..  35, 3984-90  (1996). 

7G.  Arit  and  P.  Sasko.  "Domain  Configuration  and  Equilibrium  Size  of 
Domains  in  BaTiO,  Ceramics,”/.  Appl.  Phys.,  51  (9)  4956-60  (1980). 

“Z.  G.  Ye  and  H.  Schmid.  “Optical.  Dielectric  and  Polarization  Studies  of 
the  Electric  Field-Induced  Phase  Transition  in  PMN ,”  Ferroelectrics,  145,  83- 
108(1993). 

*M.  L.  Mulvihill,  L.  E.  Cross,  and  K.  Uchino,  “Low-Temperature  Observation 
of  Relaxor  Ferroelectric  Domains  in  Lead  Zinc  Niobate.”/.  Am.  Ceram.  Soc.,  78 
[121 3345-51(1995). 

,0M.  L.  Mulvihill,  Z.  U,  K.  Uchino,  and  W.  Cao,  “ In  situ  Observation  of  the 
Domain  Configurations  During  the  Phase  Transitions  in  Barium  Titanate.” 
Philos.  May;.  B,  74,  25-36  (1996). 

UK.-Y.  Oh,  K.  Uchino.  and  L.  E.  Cross,  "Optical  Study  of  Domains  in 
Ba(Ti,Sn)0,  Ceramics.”  /.  Am.  Ceram.  Soc.,  77  [1 1]  2809-16  (1994). 

,2G.  Schmidt.  "Diffusive  Phase  Transitions,”  Ferroelectrics ,  78,  199-206 
(1988). 

,3R.  E.  Reed-Hill,  Physical  Metallurgy  Principles,  2nd  Ed.\  Ch.  16  (“Defor¬ 
mation  Twinning  and  Martensite  Reactions”).  PWS  Publishers,  Boston,  MA, 
1973. 

,4D.  A.  Porter  and  K.  E.  Easterling,  Phase  Transformations  in  Metals  and 
Alloys ;  Ch.  6  (“Diffusion  Transformations”).  TJ.  Press.  U.K.,  1981. 

,3W.  Cao  and  J.  A.  Krumhansl,  “Continuum  Theory  of  4  mm-2  mm  Proper 
Ferroelastic  Transformation  Under  Inhomogeneous  Stress,”  Phys.  Rev.  B:  Con- 
dens.  Matter,  42  [7]  4334-40  ( 1990). 

“W.  Cao.  J.  A.  Krumhansl,  and  R.  J.  Gooding,  “Defect-induced  Heteroge¬ 
neous  Transformations  and  Thermal  Growth  in  Athermal  Martensite,”  Phys.  Rev. 
B:  Condens.  Matter,  41. 11319-27  (1990).  □ 


APPENDIX  27 


Relaxor-based  single  crystal  materials 
for  ultrasonic  transducer  applications 
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a  Materials  Research  Laboratory,  The  Pennsylvania  State  University,  University  Park,  PA  16802 
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ABSTRACT 

Relaxor  ferroelectric  single  crystals  of  Pb(Zn  1/3^2/3)03  (PZN),  Pb(Mgi/3Nb2^)03  (PMN)  and  their  solid  solutions  with 
normal  ferroelectric  PbTiOj  (PT)  were  investigated  for  ultrasonic  transducer  applications.  Crystals  offer  adjustable  properties 
not  only  by  compositional  tailoring  but  also  by  domain  state  engineering  associated  with  different  crystallographic  orientation, 
which  is  not  achievable  in  polycrystalline  materials.  Longitudinal  coupling  coefficients  (IC33)  as  high  as  94  %  and  dielectric 
constants  (K.31)  in  the  range  of  3500-6000  were  achieved  with  low  dielectric  loss  (<1%)  using  <00 1>  oriented  rhombohedral 
crystals  of  (l-x)PZN-xPT  and  (l-y)PMN-yPT,  where  x<0.  09  and  y<0.  35.  Dicing  direction  as  well  as  poling  direction  were 
critical  for  high  coupling  under  laterally  clamped  condition.  Dicing  parallel  to  the  (001)  yields  90%  of  laterally  clamped 
coupling  (kbJ  out  of  94%  longitudinal  coupling  (k33)  for  PZN-8%PT.  On  the  other  hand,  samples  diced  parallel  to  (110) 
exhibited  no  dominant  mode  present.  Thickness  coupling  (kx)  as  high  as  64%  and  low  dielectric  constant  (K3  )  <  600  with 
low  loss  (<l%)  could  be  achieved  using  tetragonal  crystals  of  (l-x)PZN-xPT  and  (l-y)PMN-yPT,  where  x>0.  1  and  y>0.  4. 
The  performance  gains  associated  with  these  ultra-high  coupling  coefficients  and  range  of  dielectric  constants  are  evident  in 
relation  to  broader  bandwidth  and  electrical  impedance  matching.  Specifically,  rhombohedral  crystals  offer  the  possibility  of 
extremely  broad  bandwidth  devices  for  transducer  arrays  and  tetragonal  crystals  for  single  element  transducers.  Transducer 
simulation  was  performed  using  the  KLM  model.  The  pulse/echo  response  simulated  a  124%  bandwidth  subdiced  array 
element  with  a  center  frequency  of  10  MHz.  An  optimized  array  design  of  the  same  geometry  constructed  of  PZT  5H 
displays  a  87%  bandwidth. 

Keywords:  relaxor  ferroelectrics,  single  crystal,  crystal  orientation,  bandwidth,  impedance  matching. 

1.  INTRODUCTION 

Piezoelectric  ceramics  are  currently  the  material  of  choice  for  ultrasonic  transducer  applications  offering  relatively  high 
coupling  (kij),  a  wide  range  of  dielectric  constants  (K),  and  low  dielectric  loss.  These  merits  translate  into  transducer 
performance  in  the  form  of  relatively  high  sensitivity,  broad  bandwidth,  impedance  matching  and  minimal  thermal  heating. 
Among  piezoelectric  ceramics,  Pb(Zr,.x,Tixp3  (PZT)  ceramics  have  been  the  mainstay  for  high  performance  transducer 
applications.  Compositionally,  PZT  ceramics  lie  near  the  morphotropic  phase  boundary  (MPB)  between  the  tetragonal  and 
rhombohedral  phases,  as  depicted  in  Figure  I.  MPB  compositions  have  anomalously  high  dielectric  and  piezoelectric 
properties  as  a  result  of  enhanced  polarizability  arising  from  the  coupling  between  two  equivalent  energy  states,  i.  e.  the 
tetragonal  and  rhombohedral  phases,  allowing  optimum  domain  reorientation  during  the  poling  process.  Further 
modifications  using  acceptor  and  donor  dopants  give  us  the  wide  range  of  piezoelectric  compositions  we  have  today. 
Alternative  MPB  systems  can  be  found  in  relaxor-based  ferroelectrics  and  their  solid  solutions  with  PbTi03  (PT)*  Lead  based 
relaxor  materials  are  complex  perovskites  with  the  general  formula  Pl^BjB^j,  (Bi=Mg2 ,  Zn2^,  Ni  ,  Sc  . . . ,  B2-Nb  , 
Ta5\  W**  . . . ).  Characteristic  of  relaxors  is  a  broad  and  frequency  dispersive  dielectric  maxima.1 

Dielectric  and  piezoelectric  properties  for  selected  PZT*s  and  relaxors-PT  systems  are  summarized  in  table  1.  Some 
relaxor-PT  compositions  such  as  modified  Pb(Sc,/2Nb|/2)03  -  PbTi03  (PSN-PT)  seem  to  possess  superior  dielectric  and 
piezoelectric  properties  compared  to  that  of  PZT  ceramics.  However,  if  being  analyzed  with  respect  to  the  ferroelectric 
transition  temperature  designated  by  Tc  (the  temperature  at  which  the  material  transforms  from  the  prototypical  non- 
ferroelectric  to  ferroelectric  phase  being  associated  with  a  spontaneous  polarization  and  large  dielectric  anomaly)  no  one  type 
of  ceramic  offers  significant  advantages  in  overall  transducer  performance.  Enhanced  piezoelectric  activity  of  MPB-based 
ceramics  by  compositionaly  adjusting  the  Curie  temperature  (Tc)  downward  relative  to  room  temperature  comes  with  die 
expense  of  more  temperature  dependent  properties,  and  less  polarization  stability,  i.e.  aging  and  loss  of  piezoelectric  activity. 


Table  1  Reported  Dielectric  and  Piezoelectric  Properties  for  selected  PZT  and  Relaxor  Binary-  Systems 


Form 

Materials 

kr 

kr 

dn  (pC/N) 

K,‘ 

7c(<0 

Ref. 

PZT-MPB  Composition 

Ceramics 

PZT  53/47 

0.  52 

0.  67 

220 

-800 

360 

3 

(poly- 

crystalline) 

Modified  PZTs 

PZT-4  (Navy  1) 

0.  58 

0.51 

0.  70 

289 

1200 

330 

4 

PZT-8  (Navy  III) 

0.  50 

0.44 

0.  70 

220 

1000 

300 

4 

PZT-5  (Navy  II) 

0. 60 

0.49 

0.  70 

400 

2000 

360 

4 

PZT  5H  (Navy  VI) 

0.  65 

0.  50 

0.  75 

590 

3500 

190 

4 

Relaxor-PT  MPB  Compositions 

0.  7PMN-0.  3PT 

0.  50 

670 

5000 

145 

5 

0.  67PMN-0.  33PT 

0.  63 

0.73 

690 

5000 

160 

5 

0.  60PMN-0.  40PZT(40/60) 

0.50 

- 

2370 

170 

6 

0.  55PST-0.  45PT 

0.61 

0.  73 

655 

4000 

205 

7 

0.  575PSN-0.  425PT 

0.  66 

0.  55 

0.74 

389 

1550 

260 

8 

0.  575PSN-0. 425PT 

0.  69 

0.52 

0  76 

504 

2540 

248 

8 

(l%Nb  doped) 

0.  575PSN-0.  425PT 

0.  63 

0.53 

0.72 

359 

1480 

260 

8 

(2%  Sc  doped) 

0.  58PSN-0. 42 PT 

0.71 

0.  56 

0.  77 

450 

2200 

260 

9 

0.  5PNN-0.  5PZT(35/65) 

0.  45 

- 

370 

150 

10 

0.  87PZN-0.  05BT-0.  08PT 

0.52 

0. 49 

640 

5200 

150 

11 

Single 

95PZN-5PT 

0.  86 

-1500 

4000 

160 

12 

Crystals 

91PZN-9PT 

0.92 

-1500 

2200 

190 

13,14 

89PZN-1 1PT 

0.92 

620 

1000 

200 

12 

70PMN-30PT 

-1500 

4000 

150 

15 

60PMN-40PT 

-1500 

170 

15 

•  Reported  coupling  factors  often  do  not  follow  the  simplistic  equation,  k,,1  -  kp  +  kr'-kp! *kT: .  Based  on  the  difficulties  in  accurately 
determining  kT.  the  confirmation  of  values  should  be  made. 


Further  details  on  the  relationship  between  dielectric/piezoelectric  properties  and  Curie  temperature  (Tc)  can  be  found  in 
the  article  by  S.  -E.  Park  et  al.2 

Though  Relaxor-PT  ceramics  do  not  offer  enhanced  dielectric  and  piezoelectric  properties  comparable  to  PZT  ceramics  of 
similar  Tcs,  it  is  the  single  crystal  form  of  relaxor-PT’s  that  exhibits  ultrahigh  piezoelectric  properties  not  currently  available 
with  piezoelectric  MPB  ceramics.  This  key  distinction  was  first  realized  by  Nomura  and  co-workers15 14  for  MPB 
compositions  of  Pb(Zni/3Nbn)Oj  -  PbTi03  (PZN-PT)  systems  with  d33  and  k33  values  of  1500  pC/N  and  90%,  respectively, 
followed  by  the  crystal  growth  of  Pb(Mg,/3Nb1/3>03  -  PbTi03  (PMN-PT)'5  and  Pb(Scl/2Nblc)03  -  PbTi03  (PSN-PT)14.  In 
general,  most  Pb(B|,B3)03-PT  crystals  can  be  grown  by  high  temperature  solution  growth  using  Pb-based  fluxes.  Distinctly 
increased  dielectric  and  piezoelectric  properties  of  Pb(B|,B2)03-PT  crystals  are  compared  with  ceramics  in  table  1.  Though 
clearly  attractive,  few  systematic  studies  have  followed. 

Merits  of  the  single  crystal  form  itself  include  the  possibility  of  “optimum”  crystallographic  cuts  as  analogous  in  AT  and 
BT  cuts  in  quartz  crystals  for  a  zero  temperature  coefficient  of  resonance,  and  X-cut  in  LiTa03  or  128°  rotated  Y  cut  in 
LiNb03  crystals  for  optimum  conditions  including  surface  acoustic  speed  and  coupling17.  Another  advantage  of  the  single 
crystal  form  lies  in  terms  of  microstructural  issues  associated  with  polycrystalline  ceramics,  including  grain  size,  porosity,  etc. 
These  can  be  also  ignored  removing  scaling  limitations,  particularly  relevant  to  high  frequency  transducers. 

It  is  the  objective  of  this  work  to  systematically  evaluate  crystal  structural  property  relationships  and  to  present  ongoing 
investigation  on  the  theoretical  designs  using  these  single  crystal  materials.  Based  on  the  commonalties  inherent  to  Relaxor- 
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PT  systems18'19  our  research  was  limited  to  two  representative  systems  of  PZN-PT  and  PMN-PT.  Though  PMN-PT  MPB 
crystals  exhibit  piezoelectric  properties  comparable  with  PZN-PT,  more  focus  was  given  to  the  PZN  system  owing  to  its 
relatively  lower  PT  content  for  MPB.  This  allows  more  uniform  crystal  growth  of  these  solid  solution  materials.  Details  of 
crystal  growth  for  these  systems  are  given  in  references. 

2.  DIELECTRIC  AND  PIEZOELECTRIC  PROPERTIES  OF  RELAXOR-BASED  SINGLE  CRYSTALS 

Dielectric,  piezoelectric,  and  electromechanical  coupling  coefficients  for  the  various  crystals  are  reported  in  table  2  and 
table  3.  Parameters  relevant  to  transducer  designs,  including  dielectric  loss,  frequency  constant  (N),  elastic  compliance  (Sy), 
mechanical  Q  etc. .  are  also  reported. 

As  reported  in  table  2.  large  coupling  coefficients  (k33)  and  large  piezoelectric  coefficients  (d33)  were  found  for  Pp4-PT 
crystals  with  MPB  compositions,  as  previously  reported  by  Kuwata14,  It  should  be  noted,  however,  that  electromechanical 
coupling  (k„)  and  piezoelectric  coefficients  (dy)  equal  to  and  larger  than  MPB  crystal  compositions  were  found  for  domain 
engineered  rhombohedral  crystals*  as  shown  in  Figure  2.  PZN-4.  5%PT  and  PZN-8%PT  crystals  were  found  to  possess  high 
k33  values  of -92%  and  94%,  respectively,  for  (001)  crystal  cuts.  Low  values  of  dielectric  loss  <  1%  should  also  be  noted. 

As  previously  reported  and  given  in  table  3  and  figure  2.  large  values  of  k33  are  also  found  in  the  tetragonal  region 
(PT>10%)  and,  as  reported  in  table  3,  a  value  of  63%  and  62%  kr  was  detected  for  the  PZN-1 1%PT  and  PZN-12/oPT, 
respectively.  High  thickness  coupling  may  be  associated  with  the  large  anisotropy  of  the  tetragonal  crystals. 

The  dielectric  constant  was  also  found  to  be  dependent  on  the  crystal  symmetry.  Tetragonal  crystals  exhibited  dielectric 
constants  on  the  order  of  less  than  1 000  being  significantly  lower  than  rhombohedral  crystals  (3000-5000).  Lower  die  ectnc 
constants  are  also  associated  with  both  increased  anisotropy  and  Tc.  With  similar  coupling  coefficients,  the  range  of  dielectric 
constants  found  in  the  PZN-PT  system  offer  the  flexibility  in  designing  transducers  with  equivalent  electrical  impedance  for  a 
wide  range  of  frequency  and  geometry.  In  following  sections,  transducer  simulation  using  these  material  properties  will  be 

discussed. 
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Figure  I  Ternary  diagram  depicting  MPBs  in  PZT  and  Figure  2  kJ3  as  a  function  of  composition  and 

Relaxor-PT  systems  for  piezoelectric  ceramics.  orientation  in  crystals  of  PZN-PT. 


*  Rhombohedral  crystals  oriented  and  poled  along  pseudocubic  <001>  direction.  Ciystallographically,  polarization  direction  of 
rhombohedral  crystal  is  pseudocubic  <1 1 1>  direction. 


Table  2  Dielectric  and  piezoelectric  properties  of  Pb( A1  ^Nbn)Q3  -  PbTiQ^  crystals  (A-Zn2*,  Mg2")  -  longitudinal  (ki3)  mode 


Composition 

Tmi, 

(°C) 

Crystal 

Structure 

Orient. 

coupling 
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3.  TRANSDUCER  DESIGN 

3*  I  Arrays 

Once  the  ideal  polarization  axis  is  defined,  one  must  consider  the  geometry  of  the  ultrasonic  device  to  be  fabricated.  An 
acoustic  array  uses  a  different  geometry,  and  thus  a  different  vibrational  mode,  than  a  single  element  transducer  or,  for  that 
matter,  a  k»  test  sample.  Consider  first  an  array  which  consists  of  many  tall,  narrow  elements.  Each  element  utilizes  a 
partially  clamped  k33  mode  of  vibration.  A  true  k33  mode  would  be  a  rod  poled  through  the  long  axis  and  driven  parallel  to 
the  poling  direction.  The  rod  is  not  laterally  clamped  in  any  direction.  An  array  element  however,  is  laterally  clamped  in  the 
elevation  direction.  This  geometry  tends  to  reduce  the  coupling  coefficient  from  the  ideal  k33.  The  tall,  narrow  geometry  also 
mandates  a  small  surface  area,  and  thus  a  low  capacitance,  which  leads  to  a  large  electrical  impedance  and  an  electrical 
mismatch  to  standard  50  Q  transmit  and  receive  electronics.  The  need  to  increase  the  capacitance  of  each  element  forces  the 
designer  to  look  for  high  dielectric  constant  materials.  As  discussed  in  the  previous  chapter,  both  a  high  k33  and  a  large  free 
dielectric  constant  are  found  on  the  rhombohedral  side  of  the  MPB.  However  the  large  coupling  coefficients  leads  to  a  low 
clamped,  or  high  frequency,  dielectric  constants  with  respect  to  soft  PZTs.  The  result  of  this  lower  clamped  relative 
permittivity  can  be  seen  in  the  simulated  pulse  echo  response  in  figure  5.  While  the  <00 1>  family  is  defined  as  the  poling 
direction  for  an  array  element  showing  high  coupling,  it  is  now  left  to  define  a  dicing  direction  along  the  surface  of  the  crystal 
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which  will  provide  the  optimum  performance.  Given  crystal  symmetry  with  the  <001>  family  every  90  degrees,  the  [100] 
and  [110]  (45  degrees  from  <00 1>)  directions  have  been  investigated,  as  shown  in  Figure  3.  Dicing  parallel  to  the  [100]  axis 
yields  three  distinct  modes,  with  the  thickness  or  clamped  k33  mode  along  the  poling  axis  (at  880  KHz  in  the  test  sample  of 
Figure  4)  being  the  dominant  mode.  The  low  frequency  mode  at  228  KHz  is  the  k3i  mode,  with  the  bar  resonating  in  the 
length  dimension  perpendicular  to  the  poling  direction.  The  center  mode  has  been  attributed  to  a  flexural  length  mode.  The 
frequency  constants  (Nt  measured  in  Hz  m)  of  the  present  modes  are  such  that  it  is  fairly  easy  to  move  undesired  modes  and 
harmonics  out  of  the  main  thickness  mode  to  allow  accurate  measurement  and  efficient  operation.  The  drop  in  k33  to  what  we 
call  kbar  (for  the  clamped  k33  or  *bar’  mode)  is  minimal,  from  94%  to  90%.  Dicing  parallel  to  the  [1 10]  direction  yields  a 
more  confusing  picture.  There  is  not  a  dominant  mode  present.  The  frequency  constants  of  the  various  modes  result  in  modal 
overlap  in  samples  cut  to  approximate  array  dimensions,  bleeding  energy  between  modes  and  making  accurate  measurement 
and  efficient  operation  impossible. 

Up  to  this  point  we  have  defined  the  characteristics  needed  for  an  array  element:  A  rhombohedral  composition,  poled 
parallel  to  <00 1>  and  diced,  parallel  to  [100],  to  dimensions  defined  by  the  frequency  constants  to  achieve  a  pure  thickness 
vibrational  mode  over  the  final  bandwidth  of  the  transducer.  It  will  be  seen  later  that  these  single  crystal  materials  can  yield 
very  wide  bandwidth  devices,  so  care  must  be  taken  when  dimensioning  the  final  transducer  to  avoid  exciting  unwanted 
modes. 

3.2  Single  elements 

Transducer  design  for  an  application  such  as  ultrasound  backscatter  microscopy  (UBM)  has  requirements  different  than 
design  for  arrays.  Since  impedance  of  the  piezoelectric  resonator  varies  inversely  with  capacitance  as  in  (1), 


at  high  frequencies,  large  area,  high  frequency,  single  element  transducers  suffer  from  the  opposite  problem  than  array 
elements;  low  electrical  impedance,  offers  a  poor  match  to  the  50Q  driving  electronics.  As  before,  a  large  coupling 
coefficient  is  desired  to  achieve  a  wide  bandwidth.  However,  these  elements  operate  in  a  true  clamped  thickness,  or  k<,  mode. 
Rhombohedral  crystals,  compositions  with  PT  content  below  the  MPB  tend  to  have  very  efficient  k33,  but  k<  s  only 
comparable  to  PZT. 

Compositions  above  the  MPB  have  low  free  dielectric  constants  characteristic  as  reported  in  table  3.  In  this  tetragonal 
configuration,  the  crystal  is  very  anisotropic  with  the  polar  axis  at  [001].  Evaluation  of  PZN-11%PT  and  PZN-12%PT 
crystals  show  kt  -  63%  and  62%  as  reported  in  table  3,  in  comparison  to  PZT  Navy  Type  VI  at  k,  of  only  52%,  potentially 
promising  increased  performance  for  single  element  transducers. 


Fig  3.  Resonant  samples  prepared.  k33  and  k<  samples  were  not  aligned  in  the  1  and  2  directions. 


Voltage 


Figure  4  Impedance  plot  fora  <00 1>  poled  and  [100]  aligned  PZN-8%PT  kbar  sample.  The  low  frequency  mode  is  kjj. 


4.  TRANSDUCER  SIMULATION 

The  second  step  in  the  design  of  a  transducer  is  to  optimize  the  required  transducer  response.  For  example,  a  Doppler 
transducer  has  different  bandwidth  requirements  than  an  imaging  transducer.  Our  goal  herein  is  to  construct  very  high 
resolution  imaging  transducers.  Design  was  simulated  using  the  KLM  model22  employed  via  an  A  BCD  parameter  approach 
encoded  in  MathCad23. 


Figure  5  Simulated  pulse/echo  response  of  a  124%  bandwidth  Figure  6  Bandwidth  comparison  between  PZN~8%PT 

PZN-8%  PT  array  element  at  10  MHz  compared  to  10  MHz  array  element  vs.  PZT-5H. 

87%  bandwidth  PZT  element  of  similar  design. 
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The  pulse/echo  waveform  in  figures  5  simulates  a  125%  bandwidth  array  element  with  a  center  frequency  of  10  MHz. 
The  bandwidth  was  measured  at  the  -6dB  points  in  the  spectrum.  Figure  6  shows  bandwidth  comparison  between  PZN-8%PT 
vs.  PZT-5H.  This  simulation  predicts  results  for  an  array  fabricated  from  PZN  8%  PT  poled  in  <001>  and  diced  parallel  to 
[001].  A  10  Mrayl  impedance  backing  was  simulated  and  an  idealized  2  layer  matching  scheme  as  described  by  Desilets  et  al. 
was  used  to  achieve  a  maximally  flat  response24.  An  optimized  array  design  of  the  same  geometry  constructed  of  Navy  type 
VI  PZT  5-H  displays  only  a  87%  bandwidth. 


5.  SUMMARY 

The  single  crystal  form  of  Relaxor-PT  materials  offers  the  possibility  of  dramatic  improvements  in  transducer 
performance.  Electromechanical  coupling  coefficients  greater  than  94%  with  non-MPB  compositions  as  well  as  MPB 
compositions  enables  degree  of  freedom  in  designing  transducers  with  broad  bandwidth  and/or  improved  sensitivity.  A  range 
of  dielectric  constants  from  -600  to  5000  in  the  PZN-PT  system  offers  designers  dielectrics  for  optimum  electrical  impedance 
matching. 

Transducer  simulation  was  carried  out  using  the  KLM  model.  The  pulse/echo  response  simulated  a  124%  bandwidth 
subdiced  array  element  with  a  center  frequency  of  10  MHz.  An  optimized  array  design  of  the  same  geometry  constructed  of 
Navy  type  VI  PZT  5-H  displays  a  87%  bandwidth. 

Dicing  parallel  to  the  (001)  yields  90%  of  laterally  clamped  coupling  (Iq,,,)  out  of  94%  longitudinal  coupling  (k33).  On  the 
other  hand,  samples  diced  parallel  to  ( 1 10)  exhibited  no  dominant  mode  present.  Thickness  coupling  (kT)  as  high  as  64%  and 
low  dielectric  constant  (K3T)  <  800  with  low  loss  (<1%)  could  be  achieved  using  tetragonal  crystals  of  (l-x)PZN-xPT  and  (1- 
y)PMN-yPT,  where  x>0.  1  and  y>0. 4. 
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ABSTRACT 

The  Pb(Zni/3NbM)03  (PZN)  /  PbTi03  (PT)  solid  solution  has  been  grown  in  single  crystal  form.  The  dielectric  and 
piezoelectric  properties  have  been  determined  over  a  wide  range  of  compositions.  Longitudinal  coupling  constants  in  this 
system  can  be  maintained  at  near  90%  for  a  wide  range  of  relative  permittivities,  allowing  a  ‘designer  dielectric’  approach  to 
ultrasonic  transducer  design.  The  piezoelectric  transducer  model  developed  by  Kimholtz,  Leedom  and  Matthaei  (KLM)  was 
employed  to  first  optimize  transducer  design  points,  and  then  to  study  the  behavior  of  these  materials  as  operational  transducers. 
Two  types  of  transducers  were  modeled  and  contrasted  to  conventional  materials,  a  50  MHz  single  element  designed  for 
ultrasound  backscatter  microscopy  and  a  5  MHz  phased  array  element.  These  two  transducer  designs  are  representative  of  the 
wide  range  of  properties  available  in  this  system  by  carefully  choosing  a  composition.  Extremely  high  piezoelectric  coupling 
coefficients  (k33  >  94%)  and  a  range  of  dielectric  constants  (3000-5000)  have  been  observed  in  these  systems  on  the 
rhombohedral  side  of  the  morphotropic  phase  boundary  (MPB).  Relatively  low  dielectric  constants  (-1000)  and  high  thickness 
mode  coupling  (kt  >  63%)  were  observed  as  typical  of  tetragonal  formulations.  A  prototype  single  element  transducer  at  35 
MHz  was  fabricated  from  PZN  /  8%  PT  and  compared,  in  pulse  /  echo  mode,  to  a  PZT-5H  transducer  similar  design. 

Keywords:  ultrasonic  transducers,  single  crystals,  Pb(Zn,/3NbM)03  /  PbTi03  (PT) 


1.  INTRODUCTION 

Modem  ultrasound  diagnostics  require  an  ever  broadening  range  of  transducer  designs  to  cover  the  complete  spectrum  of  non 
or  minimally  invasive  imaging.  Current  technology  spans  from  the  low  frequency  end  between  2.5  and  10  MHz  for 
transthoracic  imaging,  to  around  100  MHz’  for  ultrasound  backscatter  microscopy.  With  this  broad  frequency  range  cornet 
demands  on  the  transducer  engineer  to  develop  materials  that  will  provide  optimum  properties  for  a  specific  application. 
Currently,  many  types  of  piezoelectrics  are  available  for  such  applications,  ranging  from  polycrystalline  ceramics  to  piezo¬ 
polymers.  Each  material  has  its  advantages  as  well  its  drawbacks  in  terms  of  the  material  properties  offered  to  the  designers. 

In  this  work,  a  transducer  material  system  is  introduced  which  will  avail  many  desirable  properties  over  the  standard 
frequency  range.  The  lead  zinc  niobate  /  lead  titanate,  Pb(Zn,nNbw)03  /  PbTi03  (PZN  /  PT),  single  crystal  system  displays 
properties  which  vary  both  crystallographically  and  compositionally  over  the  range  investigated2  (from  4%  PT  to  12%  PT). 
These  variations  can  be  exploited  to  meet  the  demands  of  vastly  different  types  of  transducers.  Single  crystal  forms  offer 
several  other  advantages  over  polycrystalline  ceramics;  high  frequency  transducers  can  be  constructed  free  from  the  grain  size 
effects  which  can  plague  high  frequency  ceramic  transducers  and  crystallographic  orientation  can  be  exploited  in  dicing  of 
arrays  to  move  undesired  modes  out  of  the  pass-band. 

In  order  to  explore  the  desirable  material  properties  for  various  transducer  designs,  an  extensive  simulation  routine  was 
undertaken  utilizing  the  KLM  transmission  line  model3.  Material  parameters  such  as  the  coupling  coefficients  and  clamped 
relative  permittivities  were  varied  over  the  range  available  in  current  single  crystalline  materials,  while  transducer  responses 
such  as  sensitivity  and  bandwidth  were  evaluated.  Compositional  selection  within  the  PZN  /  PT  system  was  based  on  die 
optimum  available  points  derived  from  these  simulations. 


Two  transducer  designs  were  selected  to  illustrate  the  advantages  of  the  PZN  /  PT  system  representing  the  extremes  of 
medical  ultrasonic  imaging:  a  5  MHz  phased  array  and  a  50  MHz  single  element  transducer.  Typical  5  MHz  phased  array 
elements  are  very  small  (<100  p  wide),  and  thus  have  a  low  capacitance  presenting  a  large  impedance  (>150  Q)  to  the 
electronics.  The  high  frequency  single  element  transducers  have  the  opposite  problem,  presenting  a  very  low  impedance  (<50 
Q).  These  problems  were  addressed  in  simulation  for  the  5  MHz  phased  array  case  by  using  PZN  /  4.5%  PT  which  has  a 
longitudinal  coupling  constant  (k33)  of  92%  and  a  relative  clamped  dielectric  permittivity  (e,s)  of  775.  For  the  high  frequency 
transducer,  PZN  /  12%  PT  was  chosen  with  a  62%  thickness  mode  coupling  constant  (k,)  and  a  clamped  dielectric  permittivity 
of  128.  Both  these  designs  are  compared,  in  pulse  echo  simulation,  to  standard  polycrystalline  ceramics  currently  used  for 
such  designs. 

To  explore  operational  transducer  designs  and  fabrication  demands,  a  35  MHz  single  element  transducer  from  PZN  /  8%  PT 
was  constructed.  While  this  choice  of  material  is  not  necessarily  optimum  for  the  type  of  transducer  displayed,  material 
selection  was  based  on  current  availability,  thus  the  potential  pitfalls  of  single  crystal  transducer  design  could  be  explored 
Additional  advantages  of  the  single  crystalline  form  in  regard  to  fabrication  will  be  discussed. 

2.  MATERIAL  PROPERTIES  SIMULATION 


At  the  heart  of  an  ultrasonic  transducer  is  the  piezoelectric  material.  In  the  past,  much  transducer  design  was  done  from  an 
acoustic  engineering  standpoint  of  applying  existing  piezoelectric  materials  to  a  specific  design  need,  and  living  with  that 
material’s  shortcomings.  Recently,  we  have  been  looking  at  the  problem  of  ultrasonic  transducer  design  from  a  materials 
science  standpoint,  where,  given  a  particular  need,  we  try  to  design  the  piezoelectric  material  itself  to  solve  the  problem. 
Careful  consideration  of  the  material  properties  needed  for  a  specific  application  will  lead  to  a  more  effective  transducer.  To 
aid  us  in  our  material  properties  evaluation,  we  investigated  the  effect  of  varying  both  the  coupling  constant  and  the  permittivity 
at  differing  acoustic  impedances.  Because  k33  and  e33  are  related  by  the  following  equation4, 
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our  manipulation  of  these  parameters  allows  d „  /  to  float.  We  chose  to  vary  k33  and  e33  because  these  two  properties  are 

probably  the  most  commonly  quoted  with  respect  to  a  material  suitable  to  medical  transducers,  and  within  the  PZN/PT  system, 
k33  can  be  held  at  elevated  levels  while  e33  is  very  easily  manipulated  with  composition. 


2.1  High  frequency  transducers 

For  our  simulation  of  transducer  response,  we  chose  the  KLM  transmission  line  model  T  matrix  approach  implemented  in 
MathCad5.  Our  first  objective  was  to  isolate  crystal  compositions  which  look  promising  for  future  development  Varying  the 
chosen  parameters  systematically  and  plotting  the  results  is  processor  time  intensive,  however  the  results  from  our  model  have, 
in  the  past,  been  shown  to  match  up  very  well  with  experimental  transducers5. 


Fig.  1.  Transducer  sensitivity  vs.  relative  permittivity  and 
coupling  constant  for  a  2  mm  diameter  50  MHz  transducer. 
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Fig.  2.  Pulse  /  echo  response  comparison  between  PZN  / 
12%  PT  at  50  MHz  and  a  commercial  lead  titanate 


Figure  l  demonstrates  graphically  that  transducers  must  be  matched  to  their  driving  electronics.  As  the  clamped  permittivity  of 
the  active  material  is  decreased  in  these  high  frequency  transducers,  the  received  voltage  increases  for  a  given  excitation.  This 
results  from  a  better  match  to  the  50  Q  driving  electronics.  Obviously,  the  sensitivity  of  the  transducer  also  increases  as  the  k, 
increases.  We  can  see  the  need  to  choose  a  material  with  as  high  a  coupling  constant  as  possible  and  a  low  relative  permittivity. 
With  conventional  ceramics,  a  low  dielectric  constant  is  usually  achieved  with  a  lead  titanate  ceramic.  Using  measured  values 
for  a  commercial  PT  material  (EC-97,  Edo  Corporation.  Salt  Lake  City,  UT)  and  a  single  crystal  of  PZN  / 12  %  PT,  the  KLM 
simulation  yields  the  time  domain  plot  in  Fig.2.  for  a  set  of  lightly  backed  50  MHz  resonators  One  can  immediately  see  the 
increased  sensitivity  and  bandwidth  due  to  the  higher  k,  of  the  PZN/PT  (0.62  vs.  0.47)  and  the  lower  relative  dielectric  constant 
(128  vs.  200). 

2.2.  Array  transducers 

The  use  of  low  dielectric  constant  materials  is  a  must  for  large  area  high  frequency  transducers,  but  the  tiny  elements  of 
modem  phased  array  imaging  systems  require  materials  with  much  higher  dielectric  constants  in  order  to  match  into  the  50  £2 
electronics.  The  example  of  a  5MHz  phased  array  is  illustrative.  In  order  to  avoid  grating  lobes  in  the  steered  acoustic  pattern 
of  a  5MHz  array,  the  elements  of  the  sampled  aperture  must  be  placed  no  more  than  U2  apart,  or  150  pm  on  center.  Now,  if 
this  transducer  has  broad  bandwidth  (as  is  the  goal),  it  will  have  significant  energy  carried  in  frequency  components  above 
5MHz,  which  means  that  the  elements  should  be  placed  even  closer  than  150  pm  to  avoid  grating  lobes  at  these  frequencies. 
Assuming  we  space  the  elements  120  pm  apart  and  dice  a  20  pm  kerf  between  elements,  our  array  elements  are  100  pm  wide. 
Each  element  may  be  5-10  mm  long,  leaving  a  very  small  capacitor,  as  capacitance  varies  with  the  following  equation, 

C  =  iMfL  (2) 

t 

where  C  is  capacitance,  A  is  the  area  of  the  dielectric  material,  er  is  the  relative  permittivity,  e0  is  the  permittivity  of  free  space, 
and  t  is  the  thickness  of  the  dielectric.  Since  impedance  varies  inversely  with  C,  array  elements  tend  to  be  very  high  impedance 
devices  to  drive  with  50  £2  electronics.  This  problem  is  currently  tackled  by  the  use  of  high  permittivity,  soft  PZTs  such  as  5H. 
The  PZN/PT  system  aids  the  transducer  engineer  designing  for  50  £2  electronics  in  two  ways.  First,  the  relative  clamped 
dielectric  constants  are  near  those  of  soft  PZTs  (775  for  PZN/4.5%  PT  vs  1 100  for  PZT-5H)  and  second,  the  extremely  high 
coupling  constants  combined  with  a  slow  longitudinal  sound  velocity  (2790  mm/pm  vs.  4520  mm/ps  for  PZT-5H)  mandate  that 
the  active  material  in  a  transducer  be  thinner  than  a  material  with  a  lower  coupling  constant  and  a  higher  sound  velocity.  The 
thinner  material  and  relatively  high  clamped  dielectric  constant  correlate  to  an  overall  higher  capacitance  element  than  PZT. 

5MHz  Phased  Array  Element  Pulse  /  Echo 


Fig.  3.  Pulse  /  Echo  of  a  5MHz  phased  array  element.  Each  element  is  moderately  backed  and  a  two  layer  maximally  flat 
response  matching  scheme6  is  simulated.  Note  not  only  the  increased  signal  amplitude  afford  by  the  PZN  4.5  %  PT  element, 
but  also  its  shorter  pulse  ringdown  time  which  corresponds  to  better  axial  resolution. 


Figure  3  displays  theoretically  predicted  responses  of  two  different  t\pes  of  elements  The  first  simulation  uses  the  industry 
standard  PZT-5H  parameters  and  the  second  uses  measured  values  from  PZN  4.5%  PT.  The  increased  signal  amplitude  arises 
from  a  number  of  sources.  Most  obviously,  the  bar  mode  coupling  of  this  composition  is  approximately  87%,  vs.  69%  for  the 
PZT  5H.  Also,  as  mentioned  earlier,  the  higher  capacitance  of  the  4.5%  PT  element  leads  to  an  impedance  which  is  less  than 
half  of  that  of  the  PZT  element.  Also,  the  single  crystal  material  has  a  much  lower  acoustic  impedance  than  the  PZT  due  to  the 
much  slower  longitudinal  wave  velocity.  This  provides  an  easier  match  to  the  simulated  water  load  via  the  quarter  wave 
transformers. 


3.  TRANSDUCER  FABRICATION 

In  our  previous  work  (Lopath,  Park  et.  al)2  we  investigated  the  mechanical  properties  of  some  of  these  single  crystal  materials 
in  regard  to  operational  transducers.  Most  notably,  we  tediously  optimized  the  poling  and  dicing  procedures  necessary  to 
construct  operational  transducers.  It  was  found  that  not  only  does  the  poling  direction  play  a  major  role7  in  the  measured 
properties,  but,  for  an  array  geometry  element,  the  surface  dicing  orientation  with  respect  to  the  cry  stallographic  axes  can  have 
a  significant  influence  on  modal  interference.  For  this  work  we  concentrated  on  easier  to  fabricate  single  element  transducers. 
While  the  simulation  results  pointed  our  high  frequency  single  element  endeavors  toward  the  12%  tetragonal  crystals,  current 
crystal  availability  forced  us  to  design  and  fabricate  a  35  MHz  element  from  PZN  8%  PT.  As  is  characteristic  of  the 
rhomohedral  side  of  the  MPB  in  this  system.  8%  PT  crystals  display  kt  only  comparable  to  PZT;  however  the  lower  relative 
dielectric  constant  allows  for  a  fairly  well  matched  transducer  at  2  mm  in  diameter. 


Fabrication  begins  as  the  crystal  is  sliced  parallel  to  the  (001)  plane  and  then  lapped  to  the  desired  thickness.  The  pieces  are 
then  sputter  coated  with  gold  and  backed  with  conductive  epoxy.  Following  Lookwood  et  al.8,  the  samples  are  turned  at  high 
speed  in  a  lathe  to  the  proper  diameter  and  mounted  in  a  SMA  connector  for  evaluation.  Gold  is  then  sputtered  onto  the  front 
face  as  a  ground  electrode  and  the  piece  is  poled  at  20  kV/cm  for  10  minutes.  Care  must  be  taken  to  pole  the  ceramic  using  the 
same  polarity  field  as  the  driving  pulser,  as  the  high  voltage  broadband  spike  can  depole  thin  transducers  if  fabricated 
improperly.  As  a  final  step,  a  quarter  wave  transform  can  be  applied  with  a  parylene  deposition  system  (Specialty  Coating 
Systems,  Indianapolis,  In).  Some  compositions  in  this  system  must  be  poled  before  they  are  backed,  as  the  unusually  high  strain 
levels  (1.5%  in  the  poling  field,  or  orthogonal  to  it)  can  be  damaging. 


Fig  4.  35  MHz  PZN  8%  PT  transducer  pulse  /  echo  response.  Fig.  5.  35  MHz  PZT-5H  transducer  pulse  /  echo  response, 

unmatched  into  a  water  load.  Target  distance  1 1.7  mm.  unmatched  into  a  water  load.  Target  distance  1 1.7  mm. 


The  pulses  above  were  generated  and  received  by  2  mm  diameter  single  element  transducers.  On  the  left  (fig.  4),  is  the  pulse 
/  echo  from  a  57%  6  dB  bandwidth  PZN  8%  PT  element  operating  at  35  MHz.  Figure  5  is  a  comparable  PZT-5H  single 
element  at  35  MHz.  The  bandwidth  for  the  PZT  is  only  32%.  Both  responses  could  be  improved  by  the  addition  of  a  quarter 
wave  transformer  matching  layer,  which  is  usually  accomplished  in  our  laboratory  for  high  frequency  samples  by  the 
application  of  an  appropriate  thickness  paralene  layer.  The  transducers  were  excited  with  a  broadband  pulse  from  a 
Panametrics  5900PR. 


4.  CONCLUSION 


We  have  demonstrated  in  simulation  that  the  PZN  /  PT  single  crystal  system  offers  a  wide  variety  of  advantages  to  the 
ultrasonic  transducer  engineer.  The  variability  in  the  clamped  relative  permittivity  from  775  to  128,  over  the  compositional 
range  from  4.5%  to  12%  PT  allows  the  fabrication  of  the  entire  spectrum  of  medical  ultrasound  devices.  Other  advantages  of 
this  family  of  piezoelectric  materials  include  a  lower  acoustic  impedance  than  most  conventional  materials,  and,  of  course,  high 
coupling  constants,  approaching  95%  for  some  k33  samples.  In  the  low  frequency  regime,  the  crystallographic  direction  can  be 
exploited  to  assist  properties  of  diced  arrays  while  high  frequency  transducers  are  aided  by  a  lack  of  grain  size  effects.  From  a 
fabrication  standpoint,  these  materials  have  different  requirements  than  ceramic  transducers,  in  fact,  transducer  fabrication  can 
be  more  time  consuming.  However  we  believe  that  potential  rewards  of  a  device  using  single  crystal  transducers  may  out  weigh 
any  difficulties  in  processing. 
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Abstract -  Solid  solutions  of  Pb(Zn1/3Nb2/3)03  (PZN)  and 
PbTi03  (PT)  have  been  grown  in  single  crystal  form  to 
sizes  large  enough  to  permit  the  fabrication  of  a  5MHz 
phased  array.  Transducer  construction  techniques 
employed  differ  from  standard  ceramic  arrays. 
Crystallographic  alignment  is  found  to  be  a  significant 
contributor  to  piezoelectric  performance.  The  crystal 
structure  and  phase  diagram  play  a  major  role  in 
processing  steps  requiring  heating  such  as  poling  and 
electroding.  A  complex  composite  structure  is  utilized  to 
allow  for  efficient  operation  while  maintaining  structural 
integrity.  The  pulse-echo  performance  and  insertion  loss 
of  this  array  are  found  to  be  superior  to  a  similarly 
constructed  PZT  5H  array. 

i.  Introduction 

With  the  state  of  the  art  in  the  ultrasound  systems 
advancing  rapidly  with  electronic  technology  there 
has  recently  been  great  interest  in  the  transducer  as  a 
source  of  increased  resolution  for  medical  diagnostic 
imaging.  The  newly  emerging  single  crystal 
piezoelectrics  offer  material  properties  to  the 
transducer  engineer  which  vastly  exceed  PZT. 
Extremely  high  coupling  constants,  low  acoustic 
impedances  and  a  wide  range  of  dielectric  constants 
promise  to  see  single  crystal  solid  solutions  such  as 
lead  zinc  niobate/lead  titante  (PZN/PT)  and  lead 
magnesium  niobate/lead  titanate  (PMN/PT) 
completely  replace  PZT  for  most  applications  within 
the  coming  decade.  Currently,  crystal  growth  and 
transducer  fabrication  issues  are  limiting  the  advance 
of  these  materials  in  the  ultrasound  community. 

High  piezoelectric  activity  was  reported  in  single 
crystal  relaxor  based  materials  as  early  as  1969  by 
Yonezawa  et  al.  [1],  followed  by  Kuwata  et  al.  [2], 
and  in  1990  by  Shrout  et  al.  [3]  for  a  morphotropic 
phase  boundary  (MPB)  compositions  of  the  PZN/PT 
and  PMN/PT  systems  respectively.  We  have 


Fig  1.  The  (l-x)Pb(ZnwNbJ/3)03  -  (x)PbTi03  Phase 
diagram  showing  the  MPB. 

previously  investigated  the  use  of  high  PT  content 
tetragonal  compositions  in  the  construction  of  very 
high  frequency  single  element  transducers  for 
ultrasound  backscatter  microscopy  [4].  This  current 
work  involves  the  application  of  rhombohedral 
compositions  (fig.l),  [2],  for  phased  array 
transducers,  taking  advantage  of  a  compositionally 
independent  elevated  coupling  coefficient  and  a  high 
clamped  dielectric  constant.  The  ability  of  the 
PZN/PT  system  to  maintain  coupling  constants  over 
80%  for  a  wide  range  of  compositionally  controlled 
dielectric  constants  will  allow  the  introduction  of  this 
material  to  many  far  reaching  medical  ultrasonic 
applications. 

n.  Crystal  structure 

Transducer  applications  requiring  small  array 
elements  demand  high  dielectric  constant 
rhombohedral  crystals  with  low  PT  contents,  such  as 
the  PZN  /  8%PT  used  in  this  work. 

Unlike  polycrystalline  ceramic  materials  which 
display  oo mm  symetry  after  poling,  single  crystal 
piezoelectrics  demand  that  the  crystallographic 


orientation  be  considered  for  processes  such  as 
poling  and  dicing.  Kuwata  et  al.  found  optimal 
piezoelectric  performance  is  achieved  by  poling 
along  the  <00 1>  direction  for  MPB  compositions  of 
PZN/PT.  Park  and  Shrout  showed  elevated 
piezoelectric  properties  with  only  slight 
compositional  variance  in  rhombohedral  crystals 
poled  along  <001  >.  Once  the  polar  direction  is 
defined,  the  surface  orientation  of  a  plate  to  be  diced 
into  array  elements  must  be  considered,  as  well  as  the 
final  aspect  ratio  of  the  elements.  While  complete 
tensor  characterization  of  the  PZN/PT  rhombohedral 
systems  remains  a  goal  of  single  crystal  research,  we 
have  investigated  the  effect  of  a  number  of  aspect 
ratios  along  two  crystallographic  orientations.  Test 
samples  along  the  <00 1>  and  <110>  were  diced  to 
aspect  ratios  from  1:1  to  2.5: 1 . 

Although  the  coupling  constant  in  this  laterally 
clamped  k33  mode  (k33’)  was  found  to  increase  only 
slightly  from  85.4  %  to  86.4%  from  aspect  ratios  of 
1.5:1  to  2.5:1,  the  thickness  resonance  peaks  were 
more  prominent  in  the  high  aspect  ratio  samples. 
Orientation  was  found  to  have  a  more  drastic  effect 
on  the  observable  resonances  within  a  sample. 
Resonances  existed  within  the  <11 0>  test  samples 
which  did  not  correspond  to  thickness  or  length 
extentional  modes  or  associated  harmonics  [6], 
These  modes  were  most  likely  due  to  internal  domain 
structures  strongly  resonant  in  samples  cut  parallel  to 
<1 10>.  Samples  cut  along  <00 1>  did  exhibit  a  fairly 
clean  thickness  mode  with  a  frequency  constant  near 
1.3  MHz*mm.  Non-dimensionally  controlled  modes 
of  vibration  did  exist  within  the  <00 1>  oriented 
samples;  however,  the  thickness  mode  in  these 
samples  was  very  prominent.  For  these  reasons  high 
aspect  ratio,  <001  >  diced  elements  were  chosen  for 
this  array. 

hi.  Phased  array  design 

Array  Layout 

A  5MHz  phased  array  design  was  chosen  to  test  the 
feasibility  of  the  PZN/PT  system  in  medical 
transducers.  At  5MHz,  greater  than  100% 
bandwidths  theoretically  achievable  with  these 
transducers  make  it  possible  to  cover  the  entire 
medical  diagnostic  range  of  traditional  clinical 
ultrasound,  from  2.5  MHz  to  7.5  MHz,  with  a  single 
transducer  [6].  Other  applications  include  the  recent 
introduction  of  harmonic  imaging.  A  single  broad 


bandwidth  transducer  has  the  potential  to  transmit  a 
low  frequency  signal  and  receive  the  higher  harmonic 
produced  by  an  introduced  contrast  agent,  permitting 
B-scan  overlay  of  harmonic  imaging  data  [7], 

Phased  arrays  demand  an  inter-element  spacing  of 
1/2  of  an  acoustic  wavelength,  or  less,  to  prevent  the 
introduction  of  grating  lobes  as  the  beam  is  steered  to 
the  extremes  of  the  imaged  sector.  At  5MHz  in  water 
this  corresponds  to  a  pitch  of  150pm.  It  is  at  this 
point  that  the  design  for  a  PZT  phased  array  differs 
from  a  single  crystal  array.  The  sound  velocity  in 
PZT  permits  elements  spaced  at  150pm  to  achieve  an 
acceptable  aspect  ratio  with  standard  kerf 
dimensions.  The  slow  speed  of  sound  in  the  PZN  / 
8%PT  (3451  m/sec  vs.  appox.  4100  m/s  for  k33’  mode 
PZT)  combined  with  the  wide  separation  between 
series  and  parallel  resonances  brought  about  by  the 
extremely  high  electromechanical  coupling,  demand 
a  k33’  mode  transducer  operating  at  5MHz  to  be 
approximately  200pm  thick.  With  standard  kerfs,  the 
individual  elements  become  almost  square  in  cross 
section,  introducing  lateral  mode  problems  confirmed 
with  the  1 : 1  aspect  ratio  test  samples.  The  solution 
to  this  problem  is  subdicing.  In  our  design,  a  30pm 
kerf  defines  the  major  elements  and  a  25pm  kerf 
separates  the  two  subelements  of  each  major  element. 
The  larger  kerf  takes  advantage  of  the  greater  blade 
exposure  available  with  larger  blade.  The  larger 
exposure  allows  kerfs  deeper  than  necessary  to  be  cut 
into  the  crystal  to  accommodate  any  potential 
bending  of  the  composite  due  to  polymer  fill 
shrinkage  upon  curing.  A  smaller  kerf  was  used  in 
the  subdices  to  maximize  the  amount  of  high 
dielectric  material  remaining  in  each  element. 

Forty  eight  (48)  active  elements  were  diced  into  the 
crystal  plate.  Two  additional  elements  on  each  end 
of  the  array  were  included;  one  as  a  spacer  and  the 
outermost  one  as  a  ground  element. 

Future  arrays  centered  at  5MHz  may  be  designed  to 
more  effectively  take  advantage  of  the  bandwidths 
possible  with  these  materials.  A  100%  bandwidth 
5MHz  transducer  mandates  that  the  array  layout  be 
sufficiently  fine  to  prevent  grating  lobes  at  the  upper 
end  of  the  passband  (7.5  MHz).  The  100pm  pitch 
required  at  7.5  MHz  will  allow  high  aspect  ratio 
elements  without  subdicing.  The  current  design  is  a 
compromise  for  ease  of  interconnection. 

Transducer  Fabrication 


The  two  kerf  sizes  were  filled  with  two  different 
polymers.  A  hard  epoxy  (Insulcast  502,  American 
Safety  Technologies,  Roseland,  NJ)  was  used  in  the 
subelement  kerfs,  while  a  soft  urethane  (EN-4/EN-7, 
Conap  Inc.,  Olean,  NY  )  was  used  in  the  major  kerfs. 
We  have  learned  that  2-2  composites  fabricated  from 
rhombohedral  PZN/PT  and  a  hard  polymer  fill  do  not 
display  the  high  coupling  characteristic  of  isolated 
test  samples.  We  theorize  that  it  is  the  low  stiffness 
of  these  crystals  which  prevents  efficient  operation 
when  clamped  with  rigid  polymers.  The  ferroelastic 
nature  of  these  crystal  mandates  repoling  after 
stressful  processes  such  as  polishing  and  dicing.  We 
have  found  that  1-3  composites  (a  processing 
intensive  structure)  composed  of  PZN  /  8%  PT  and  a 
hard  polymer  can  be  repoled  to  a  k33  of  only  79%. 
While  this  is  superior  than  PZT  composites  with 
coupling  near  70%,  it  is  far  from  the  k33  potential  of 
PZN  /  8%  PT  of  95%.  1-3  composites  of  PZN  /  8% 
PT  filled  with  urethane  are  able  to  be  repoled  to  87%. 
It  is  for  this  reason  that  we  have  chosen  a  soft 
urethane  between  the  major  elements.  The  soft 
polymer  has  the  added  benefit  of  more  effectively 
decoupling  adjacent  elements  for  phase  steering. 

Two  additional  issues  were  addressed  with  the 
inclusion  of  the  hard  polymer  fill  in  the  subkerfs. 
The  kerf  width  of  25pm  is  less  than  1/4  of  a  shear 
wavelength  (X,)  in  the  polymer  ~  65  pm).  Under 

these  conditions,  the  entire  major  element  should 
operate  as  one  unit  [8].  The  other  advantage  of  the 
hard  polymer  is  structural  integrity.  At  only  200pm 
thick,  the  entire  array  would  be  extremely  fragile 
with  only  a  soft  polymer  fill. 

The  procedure  for  the  complex  composite 
construction  is  that  of  standard  dice  and  fill  applied 
twice,  [9].  The  second  fill  is  with  the  hard  polymer 
leaving  a  1  mm  border  of  polymer  surrounding  the 
array  once  it  is  diced  to  size.  This  border  provides 
rigidity  and  protection  during  the  polishing  stages. 

Once  the  composite  is  polished  to  thickness  with  a 
5pm  finish,  electrodes  are  applied.  Here,  one  must 
be  conscious  of  the  phase  diagram  of  the  PZN/PT 
system  (fig.  1).  Many  electroding  processes  require 
heating  of  the  sample.  This  rhombohedral  8%  PT 
material  undergoes  a  phase  change  at  100  C.  For  our 
array,  electroless  nickel  electrodes  were  applied  at 
Sound  Technology  Inc.  of  State  College,  PA.  This 
process  does  not  involve  heating  above  the  phase 
change.  As  it  is  an  immersion  technique,  the 
electroding  process  completely  encases  the 
composite  in  nickel.  The  polymer  border  at  the 


elevational  ends  of  the  array  and  each  of  the 
individual  elements  are  isolated  by  scoring  on  the 
dicing  saw. 

Soldering  of  leads  to  each  of  the  elements  is  another 
potential  source  of  damaging  heat.  Here,  a  low 
temperature  reflow  solder  technique  was  used.  An 
NTK  68  pin  ceramic  pin  grid  array  (PGA)  was  used 
as  a  generic  interconnect  between  the  ultrasound 
system  and  the  array.  A  rectangular  hole  was  cut 
through  the  center  of  the  PGA  with  an  ultrasonic 
mill,  and  the  array,  mounted  on  a  piece  of  wafer 
handling  tape,  was  placed  in  the  center  of  the  hole, 
positively  poled  side  down.  Leads  were  attached  to 
the  PGA  and  then  individually  attached  to  the  120pm 
wide  elements  (fig.  2).  With  no  way  to  quantify  the 
temperature  to  which  the  elements  were  raised,  the 
minimum  temperature  and  reflow  time  were  used 
with  the  pre-tinned  50pm  lead  wires.  Ground 
connections  were  made  by  connecting  to  the 
outermost  elements,  employing  the  nickel  electrode 
wrapped  around  from  the  front  of  the  array.  This 
technique  should  allow  the  application  of  non- 
conductive  matching  layers  in  the  future  to  improve 
bandwidth  and  bandshape. 

Once  all  the  electrical  connections  were  made,  each 
element  was  repoled  to  recover  any  processing 
damage  to  the  domain  alignment. 
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Fig  2.  PGA  with  array  connected,  before  backing. 

A  lOkV/cm  field  was  put  across  each  element  for  one 
minute. 

An  additional  plastic  PGA  was  added  behind  the 
ceramic  chip  carrier  to  provide  room  for  sufficient 
backing.  A  tungsten  and  alumina  loaded  polymer 
(Za  =  4.3  Mrayls)  was  degassed  and  poured  into  the 
back  of  the  array. 


iv.  Results 

The  array  was  designed  to  allow'  the  use  of  an 
Ultramark  9,  48  element  phased  array  scanner  (ATL, 
Inc.)  for  future  imaging  tests.  Presently,  a 
Panametrics  model  5900PR  was  used  to  drive 
individual  elements  from  the  single  crystal  and  PZT- 
5H  arrays  to  assess  their  pulse-echo  responses.  A 
cylindrically  focused  steel  reflector  was  used  to 
minimize  diffraction  losses.  Figure  3  shows  the 
pulse-echo  responses  and  received  spectrums  of  the 
two  transducers.  One  potential  problem  for  the 
single  crystal  array  is  the  extended  low  level 
ringdown  which  appears  to  be  a  spurious  composite 
resonance;  however  the  PZT  array,  utilizing  the  same 
composite  structure,  does  not  display  this  effect. 
This  low  level  ringing  may  attributed  to  the 
previously  observed  weak  spurious  resonances  in  the 
<00 1>  test  samples  interacting  with  the  composite 
structure.  Only  future  complete  tensor 
characterization  of  the  single  crystal  and  finite 
element  analysis  (FEA)  of  the  array  will  reveal  the 
true  nature  of  the  extended  ringdown. 

Frequency  (MHz) 

2  4  e  8  10 


Fig.  3.  Measured  echo  waveforms  and  spectra  for  PZN  / 
8%PT  array  element  (bold)  and  PZT  5H  array  element. 

The  PZN/PT  elements  operate  at  a  slightly  higher 
center  frequency  (6MHz)  than  designed,  again 
possibly  a  contribution  of  the  spurious  modes  not 
allowing  complete  polarization  along  the  thickness 
direction.  These  issues  aside,  the  single  crystal 
elements  displayed  a  significantly  broader  fractional 
bandwidth  (85%)  than  the  PZT  (32%).  This 
bandwidth  will  improve  in  arrays  which  are  matched. 
The  insertion  loss  was  measured  at  58dB  for  the  PZT 


array.  The  single  crystal  array  had  an  insertion  loss 
of  48dB. 
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ABSTRACT:  The  electromechanical  properties  of  a  segmented  polyurethane  elastomer 
were  investigated  as  functions  of  temperature  and  frequency.  Two  transitional  phenom¬ 
ena  were  observed  in  the  temperature  range  from  —50  to  85°C.  In  these  transition 
regions,  the  electric  feid  induced  strain  coefficient  exhibits  large  increases,  which  indi¬ 
cate  that  the  effect  of  the  transition  processes  is  significant.  The  experimental  analysis 
suggests  that  the  transitional  processes  in  the  polyurethane  are  related  to  the  chain- 
segment  motions.  From  the  elastic  compliance  and  the  dielectric  constant  data,  the 
contribution  of  the  uniform  Maxwell  stress  was  determined.  It  was  found  that  the 
contribution  of  the  Maxwell  stress  effect  to  the  measured  strain  coefficient  increased 
mom  about  10rc  below  the  glass  transition  temperature  :Tg)  ( —  -253C)  to  about  50 
and  35%  for  the  frequencies  of  10  and  100  Hz.  respectively,  at  —  40°C,  which  is  above 
T~ .  The  large  difference  between  the  measured  strain  response  and  the  calculated 
Maxwell  stress  effect  indicates  a  significant  contribution  to  the  field-induced  strain 
mom  other  mechanisms,  such  as  electrostriction.  S  1997  John  Wiley  &  Sons.  Inc.  J  AppI 
Poiym  Sci  65:  1363-1370.  1997 

Key  words:  polyurethane  elastomer;  electric  field  induced  strain;  Maxwell  stress; 
electrostriction;  transitional  phenomena 

ntroduction 

lie  ,'tromechanical  coupling  effects  such  as  piezo¬ 
electricity  and  electrostriction  have  been  widely 
itilized  in  transducer,  sensor,  and  actuator  tech- 
loiogies.1'2  During  the  last  three  decades,  electro- 
nechanical  polymers,  especially  piezoelectric 
>oly(vinylidene  fluoride  )(PVDF)  and  its  copoly¬ 
mers  with  trifluoroethylene  (TrFE),  have  drawn 
nuch  attention  because  of  their  low  acoustic  im- 
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pedance,  mechanical  flexibility,  and  good  pro¬ 
cessing  properties  as  well  as  low  manufacturing 
cost.3,4  However,  their  applications  have  been  lim¬ 
ited  because  of  the  lower  electromechanical  activ¬ 
ity  when  compared  with  that  of  piezoceramic  lead 
zirconate  titanate  (PZT).3,6  The  recent  develop¬ 
ment  in  electromechanical  properties  of  polymers 
showed  that  some  thermoplastic  polymer  elasto¬ 
mers,  especially  segmented  polyurethane  elasto¬ 
mers,  can  exhibit  very  high  electric  field  induced 
strain  response.  These  electromechanically  active 
polyurethane  elastomers  have  drawn  more  and 
more  attention  and  many  experimental  investiga¬ 
tions  have  been  conducted7*9  since  the  large  elec¬ 
tric  field  induced  strain  of  this  class  of  polyure¬ 
thane  elastomers  was  reported.10 
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Figure  1  X-ray  diffraction  data  of  the  polyurethane 
elastomer  at  room  temperature  where  the  broad  halo 
near  20  degree  (20)  is  the  rejection  of  the  amorphous 
phase.  No  crystalline  phase  was  observed  within  the 
data  resolution. 

The  objective  of  this  study  is  to  provide  under¬ 
standing  of  the  possible  mechanisms  for  the  ob¬ 
served  large  electric  held  induced  strain  in  this 
class  of  polyurethane  elastomers  through  investi¬ 
gations  of  the  temperature -frequency  depen¬ 
dence  of  the  field  induced  strain  and  the  dielectric 
and  the  elastic  properries.  In  addition,  the  tem¬ 
perature  dependence  of  the  molecular  morions  in 
the  material  were  also  examined  using  differen¬ 
tial  scanning  calorimetry  DSC),  Fourier  trans¬ 
form  infrared  ( FTIR '  spectroscopy,  and  thermal 
expansion  (TE)  techniques  to  elucidate  the  prop¬ 
erty-molecular  morion  relationship. 


EXPERIMENTAL 
Sample  Preparation 

The  material  used  in  this  investigation  was  pro¬ 
duced  by  Deerfield  Urethane.  Inc.  using  a  Dow 
poiymrethane  (Dow  2103-S0AE).  The  poivure- 
thane  is  a  segmented  elastomer  consisting  of  poly- 
''  tetramethylene  glycol)  i  PTMEG)  as  the  sort  seg¬ 
ment  and  methvlenedi-p  -phenyl  diisocyanate 
(MDI)  as  the  hard  segment  with  1,4-butanedioi 
rBdiol)  acting  as  the  extender.  The  molar  ratio  of 
the  components  in  the  polyurethane  is  1.3  mol 
MDI/0.8  mol.  Bdiol/1.0  mol.  PTMEG.  The  sam¬ 
ples  for  experimental  measurements  were  pre¬ 
pared  by  solution  casting  followed  by  vacuumdry¬ 
ing  for  24  h.  The  thickness  of  the  sample  in  this 
investigation  was  2  mm.  The  gold  electrodes  were 


vacuum-evaporated  onto  the  opposing  surfaces 
the  cast  samples. 

The  result  of  X-ray  diffraction  shown  in  Figur|l 
1.  which  was  obtained  by  a  Philips  APD1700  dif-a 
fractometer,  indicates  that  there  is  no  detectable! 
crystalline  phase  in  the  samples  investigated  j 
within  the  experimental  resolution,  or  it  can  be  ^ 
said  that  the  sample  is  amorphous.  jj 

Electric  Field-Induced  Strain  Measurement 

3 

A  double-beam  laser  interferometer  was  employed  ’ 
to  measure  the  strain  induced  by  the  applied  electri¬ 
cal  field  at  frequencies  of  10  and  100  Hz  in  the  tem¬ 
perature  range  from  -30  to  80°C.  A  detailed  descrip¬ 
tion  of  the  technique,  including  the  basic  principle, 
the  setup  and  the  sample  mounting  for  the  strain 
measurements  was  reported  with  schematic  repre¬ 
sentation  in  a  previous  publication.3 

Dielectric  and  Elastic  Measurements 

The  temperature-frequency  dependence  of  the 
dielectric  constant  of  die  polyurethane  was  mea¬ 
sured  in  a  temperature-controlled  chamber  by  a 
lock-in  amplifier.  Tae  temperature  range  for  the 
measurement  was  from  -40  to  80°C  and  the  heat¬ 
ing  rate  was  2°C/min.  The  measurement  frequen¬ 
cies  were  10  and  100  Hz.3 

The  temperature -frequency  dependence  o:  the 
elastic  compliance  of  the  polyurethane  was  in  *es- 
tigated  using  a  Seiko  Instruments  SDM/5600  dy¬ 
namic  mechanical  analyzer  ( DMT  A ) ,  from  -  40  to 
50'C  with  a  heating  rate  of  2°C /min.  The  measure¬ 
ment  frequencies  were  also  10  and  100  Hz.  The 
sample  dimension  was  25  mm  (length)  x  5  mm 
t  width )  x  2  mm  ( thickness ) . 

DSC,  FTIR,  and  TE  Measurements 

To  understand  how  the  observed  macroscopic 
properties  are  related  to  the  molecular  structures, 
molecular  motions,  and  transitional  phenomena, 
DSC,  FTIR  spectroscopy,  and  TE  measurements 
of  the  polyurethane  were  examined  as  functions 
of  temperature.  A  Perkin -Elmer  DSC-7  was  em¬ 
ployed  to  obtain  the  DSC  curves  and  a  Digilab 
Model  FTS-45  at  a  resolution  of  2  cm’1  was  used 
to  acquire  the  FTIR  spectra,  for  which  a  minimum 
of  64  scans  were  signal-averaged.  The  film  used 
for  FTIR  examination  was  sufficiently  thin  to  be 
within  an  absorbance  range  wherein  the  Beer- 
Lambert  law  is  obeyed.  The  temperature  range 
for  DSC  and  FTIR  measurement  was  from  25  to 
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Figure  2  Temoerature  dependence  of '  a)  the  elecrric  field  induced  strain  coefficient,  R: 
(b )  the  dielectric  "constant,  K :  and  (c)  the  elastic  compliance,  s,  of  the  polyurethane  elastomer 
(Dow  2105-80AE)  at  10  Hz  and  100  Hz.  The  solid  lines  axe  drawn  to  guide  the  eye. 


,  >C  and  from  25  to  180°C,  respectively,  whereas 
or  TE  the  temperature  range  was  from  40  to 
,00°C.  The  heating  rate  was  10°C/min  for  the 
DSC  and  TE  measurements. 

\ 

RESULTS  AND  DISCUSSION 

Temperature  and  Frequency  Dependence 
:nd  Transitions 

The  experimental  results  of  the  electnc  field  in- 
iuced  strain  are  presented  in  Figure  2(a).  The 
strain  coefficient,  R&  (S3  =  R&Ei,  where  S  is  the 


strain,  E  is  the  applied  electric  field,  and  the  sub¬ 
script  3  represents  the  direction  perpendicular  to 
the  sample  surface),  increases  with  temperature 
and  decreases  with  frequency.  In  the  temperature 
range  from  -30  to  60°C,  two  relatively  sharp  in¬ 
crements  are  observed:  one  starts  at  about  — 20°C 
and  the  other  at  about  50°C.  Similar  trends  are 
also  observed  in  the  dielectric  and  elastic  data 
shown  in  Figure  2(b,c),  respectively.  The  dielec¬ 
tric  constant,  K,  shows  a  rapid  increase  at  about 
— 20°C  but  a  relatively  small  change  at  about 
60°C,  while  the  temperature  dependence  of  the 
elastic  compliance  shows  two  rapid  increases 
starring  at  about  -25  and  60#C,  respectively.  The 
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Figure  3  DSC  trace  of  the  segmented  polyurethane 
elastomer  (Dow  2105-80AE  i ,  from  25  to  1903C. 


sharp  change  in  the  material  properties  at  tie 
lower  temperature,  observed  in  these  measure¬ 
ments.  is  related  to  the  glass  transition  of  the 
polyurethane  due  to  large-scale  molecular  mo¬ 
tions  of  the  soft  segments.  PTMEG.*1  In  order  to 
understand  the  change  a:  higher  temperature 
transition.  DSC,  FTIR.  ana  TE  investigations, 
which  are  employed  extensively  in  studies  of 
structures  and  molecular  morions  of  segmented 
noiyurethane  elastomers. ::"*3  were  earned  out. 
The  DSC  curve,  shown  in  Figure  3.  exhibits  an 
endothermic  peak  at  about  75  C.  starting  at  about 
50°C  and  ending  at  about  90:C.  which  is  much 
higher  than  the  glass  transition  temperature  <  Tg) 
i  about  -20°C)  and  much  lower  than  the  melting 
temperature  (about  170"C  .  which  is  rejected  by 
another  endothermic  peak  starring  at  about  100=C 
and  ending  at  about  1S5*C.  From  the  DSC  results, 
the  enthalpy  change  associated  with  the  transi¬ 
tion  between  50  and  100cC  was  calculated  by  as¬ 
suming  the  change  is  associated  with  the  dissocia¬ 
tion  of  the  hydrogen  bonding  in  hard  segments 
since  previous  publications  suggested  the  endo¬ 
thermic  peak  might  be  associated  with  hydrogen 
bonding  dissociation.  However,  the  value  ob¬ 
tained  1  3.71  keal/mol )  is  obviously  lower  than  the 
previously  reported  enthalpy  change  due  to  hy¬ 
drogen-bond  dissociation  in  segmented  polyure¬ 
thanes  having  similar  chemical  structure.14  The 
thermal  expansion  measurement  of  the  seg¬ 
mented  polyurethane  elastomer  also  exhibits  a 
characteristic  transitional  change  in  the  tempera¬ 
ture  range  between  50  and  100°C.  As  can  be  seen 
in  Figure  4,  the  material  exhibits  a  rapid  thermal 
expansion  in  the  temperature  range  from  about 
50cC  to  about  90°C. 

The  temperature  dependence  of  the  absorbency 


spectroscopy  of  the  FTIR  study  on  the  polyurey 
thane  is  shown  in  Figures  5(a-d).  The  change  in' 
the  infrared  absorption  related  to  the  — NH-  and* 

—  C  =  0-related  hydrogen  bonding  was  investi-j 
gated  at  60,  100,  140,  and  1803C.  As  the  tempera- * 
ture  is  increased  from  60  to  100°C,  the  absorption^ 
of  bonded  — NH  (3327  cm-1;  associated  with  the* 
absorption  of  bonded  — C  — O  (1714  cm"1)  showg"* 
only  a  minor  decrease.  The  absorption  of  on- 
bonded,  or  free,  — NH  (3448  cm"1)  and  the  un-  * 
bonded  — C=0  ( 1730  cm"1)  shows  very  little  in¬ 
crease  in  the  same  temperature  range,  which  indi¬ 
cates  that  the  transitional  change  observed  in  the 
DSC  and  TE  measurements  is  not  assoc:  ated 
mainly  with  the  dissociation  of  the  hydrogen 
bonding  in  the  MDI  segments.  However,  when  the 
temperature  is  increased  from  100  to  140°C,  a  rel¬ 
atively  large  change  < i.e..  a  large  drop)  in  the  ab¬ 
sorption  of  the  H-oonaed  groups  and  an  increase 
in  the  absorption  of  the  unbonded  groups  can  be 
observed.  Further  increase  of  the  temperature  to 
1S05C  results  in  a  sienincant  dissociation  of  the 
hydrogen  bonding,  which  is  redected  by  the  dij  ap¬ 
pearance  of  the  bonded  — NH  *3327  cm" 1 »  and 

—  C  =  0  (1714  cm"*  )  absorption  peaks,  and  the 
large  increase  of  the  absorption  peak  due  to  the 
unbonded  — NH  3448  cm"’ 1  and  — C  =  O  1  1  j 30 
cm":  >.  This  observation  corresponds  to  the  endo¬ 
thermic  peak  observed  in  the  temperature  region 
from  100  to  180:C  in  the  DSC  measurement, 
which  is  associated  with  the  hard-segment  disso¬ 
lution  ;  melting)  as  a  consequence  of  the  dissoc.a- 
tion  of  the  hydrogen  bonding  in  MDI  segments. 

The  experimental  results  obtained  from  the 
DSC.  TE.  and  FTIR  investigations  show  that  the 
transition  between  50  and  1003C.  which  might  be 


Temperature.  T  (°C) 


Figure  4  TE  measurement  of  the  segmented  polyure¬ 
thane  elastomer  exhibits  a  characteristic  transitional 
change  in  the  temperature  region  from  50  to  100°C. 
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Figure  5  FTIR  spectroscopy  of  the  polyurethane  elastomer  (Dow  2105-80AE)  at  ( a.' 
60=C,  (b)  100°C,  (c)  140°C.  and  (d)  1S0~C.  (Absorbency  wave  number  1:  3.448  cm"1: 
2:  3,327  cm"1;  3:  1,730  cm’1:  and  4:  1.714  cm"1). 


the  key  factor  resulting  in  the  increased  field-in¬ 
duced  strain  response  of  the  segmented  polyure¬ 
thane  in  the  temperature  region,  is  neither  the 
glass  transition  nor  the  melting  if  the  glass  transi¬ 
tion  reflects  the  molecular  motion  of  the  soft  seg¬ 
ments  and  the  melting  reflects  the  molecular  flow 
of  whole  polymer  chains  when  the  hydrogen-bond 
dissociation  occurs.  The  molecular  origin  of  the 
transition  might  be  related  to  the  molecular  mo- 
::on  of  the  extenders  within  the  hard  segments, 
which  might  occur  without  destroying  the  hydro¬ 
gen  bonding  sheet  structure,12  and  result  in  ex¬ 
panding  in  the  direction  ’perpendicular  to  the  hy¬ 
drogen  bonding  sheets  and  increasing  free  vol¬ 
ume.  When  this  happens,  it  should  lead  to 
transitional  changes  in  elastic  and  thermal 
expansion  properties,  as  observed  in  Figures  2(c) 
and  4,  respectively.  A  similar  transition  has  been 
observed  for  similar  types  of  materials  and  as¬ 
signed  to  the  glass  transition  of  the  amorphous 
hard-segment  domain.15"17  The  asymmetric  endo¬ 
thermic  peak  [i.e.,  slow  increase  before  the  peak 


position  ( about  75~C )  and  rapid  decrease  after  the 
peak  observed  in  the  DSC  curve]  could  be  a  result 
of  the  restraining  of  the  hydrogen  bonding  in  MDI 
segments  to  the  extender  (Bdiol) -related  molecu¬ 
lar  motion.  This  restraint  can  limit  the  molecular 
motion  of  extenders  between  MDI  segments, 
which  results  in  the  slow  increase.  When  the  tem¬ 
perature  is  high  enough  to  cause  the  motion  of  or 
dissociation  of  the  hydrogen  bonds  in  the  hard 
segments  to  a  significant  level,  the  limited  molec¬ 
ular  motion  of  the  extenders  can  be  accelerated, 
which  results  in  the  rapid  decrease. 

Contributions  from  the  Maxwell  Stress  Effect 
and  Non-Maxwell  Stress  Effects 

In  general,  the  electric  field  induced  strain  in  a 
nonpiezoelectric  material  can  be  from  the  elec- 
trostrictive  effect  and  also  from  the  Maxwell 
stress  effects.  The  electrostrictive  effect  is  a  direct 
coupling  between  the  polarization  and  mechanical 
response  in  the  material.  It  can  be  expressed  as 
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the  strain  change  induced  by  a  change  in  the  po¬ 
larization  level  in  the  material: 

Se  =  QP2  (1) 

where  S  is  the  strain,  P  is  the  polarization  level, 
and  Q  is  the  electrostrictive  coefficient  of  the  ma¬ 
terial.  For  a  linear  dielectric,  P  =  e0(K  -  l)E,  so 
eq.  ( 1 )  can  be  rewritten  as 

SE  =  Qel(K-  1  )2E2  (2) 

where  K  is  the  dielectric  constant  of  the  material, 
E0  is  the  vacuum  dielectric  permittivity,  and  E 
is  the  applied  electric  field.  On  the  other  hand, 
Maxwell  stress,  Tt  which  is  due  to  the  interaction 
between  the  free  charges  on  the  electrode  (Cou¬ 
lomb  interaction),  can  also  contribute  to  the  elec¬ 
tric  field  induced  strain  response.  For  the  situa¬ 
tion  considered  here,  it  is  also  proportional  to  the 
square  of  the  applied  electric  field  and  can  be  ex¬ 
pressed  as 

T  =  -eoKZ2I2  (3) 

Therefore,  the  dimensional  change  due  to  the 
Maxwell  stress  is  obtained  as 

S.v  =  -se0KZ'2!2  (4) 

where  s  is  the  compliance  of  the  material.  As  can 
be  seen,  the  strain  induced  by  the  Maxwell  stress 
can  be  quite  substantial  for  a  soft,  or  high-compli- 
ance.  material  such  as  the  polyurethane  elasto¬ 
mer  investigated. 

From  the  temperature  dependence  of  the  di¬ 
electric  constant  and  elastic  compliance  measure¬ 
ments,  the  electric  field  induced  strain  due  to  the 
Maxwell  stress  effect  and  the  percentage  of  this 
contribution  to  the  total  strain  response  were  de¬ 
termined,  which  are  shown  in  Figure  6(a,b),  re¬ 
spectively.  When  the  temperature  is  lower  than 
the  Tgi  the  contribution  of  the  Maxwell  stress  is 
relatively  small — only  about  10% — because  the 
elastic  compliance  is  low.  During  the  glass  transi¬ 
tion  period,  which  is  approximately  from  —20  to 
30°C,  the  Maxwell  stress  contribution  increases 
from  about  10%  to  about  35%  and  50%  for  100 
and  10  Hz,  respectively,  while  the  elastic  compli¬ 
ance,  s,  increases  about  one  order  of  magnitude 
and  the  dielectric  constant.  25T,  increases  from  4 
to  6.5.  From  50  to  80°C,  the  temperature  region 
for  the  observed  second  transition  from  DSC  anal- 
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Figure  6  Comparison  of  the  temperature  dependence 
of  (a;  the  total  electric  field  induced  strain  coefficient. 
Rf  ’  •,  10  Hz;  ■,  100  Hz),  and  the  Maxwell  stress-con¬ 
tributed  strain  coefficient.  R ^  (O,  10  Hz:  G,  100  Hz), 
and  fb)  the  percentage  of  Maxwell  stress  contribution 
to  the  total  strain  coefficient,  at  10  and  100  Hz.  The 
solid  lines  are  drawn  to  guide  the  eye. 

ysis.  increased  strain  is  also  observed.  Associated 
with  this  increase,  the  elastic  compliance  shows 
a  corresponding  increase  while  the  dielectric  con¬ 
stant  does  not  show  a  significant  change. 

From  the  discussion  above,  it  can  be  seen  that 
the  Maxwell  stress  contribution  is  important  for 
the  electric  field  induced  strain,  especially  when 
the  temperature  is  higher  than  the  Tg  of  the  poly¬ 
urethane.  On  the  other  hand,  the  non-Maxwell 
contribution,  which  is  assumed  to  be  electrostric¬ 
tive  strain,  is  also  very  significant.  As  can  be  seen 
in  Figure  7(a,b),  the  non-Maxwell  stress  part  of 
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Ithe  field-induced  strain  coefficient  (represented 
-Rm*  where  Re  is  the  total  measured  strain 
'coefficient  and  Rm  is  the  Maxwell  stress  contribu¬ 
tion)  shows  significant  values  in  the  whole  tem¬ 
perature  region  where  the  measurement  was  con¬ 
ducted;  and  when  the  temperature  is  lower  than 
the  7^,  the  electrostrictive  contribution  dominates 
T(at  about  90%).  Even  though  the  Maxwell  stress 
^contribution  is  significantly  increased  when  the 
•temperature  is  raised  above  60°C,  which  is  higher 
■  than  Tg,  the  electrostrictive  strain  is  still  contrib¬ 
uting  to  the  total  field  induced  strain  of  about  40% 
at  10  Hz  and  about  60%  at  100  Hz. 

Temperature  and  Frequency  Dependence 
of  the  Electrostrictive  Coefficient 

The  experimental  results  show  that  the  glass 
transition  plays  an  important  role  in  the  observed 
large  electric  field  induced  strain  of  the  polyure¬ 
thane  investigated.  During  the  transition,  both 
the  dielectric  and  elastic  properties  show  transi¬ 
ts :  *.i  change:  therefore  the  contribution  of  Max- 
wei;  stress  effect  shows  similar  characteristics,  as 
discussed.  Based  on  eq.  (2),  the  electrostrictive 
coefficient  Q  can  be  evaluated.  The  temperature 
dependence  of  the  coefficient  Q  at  10  Hz  and  100 
Hz  is  presented  in  Figure  8.  As  can  be  seen,  when 
the  electrostrictive  coefficient  Q  is  examined  over 
the  temperature  range  of  the  glass  transition,  it 
does  not  show  the  same  temperature  dependence 
a.-  'hat  observed  in  the  Maxwell  stress  effect, 
v.  _jh  denends  directly  on  the  elastic  compliance. 
However,  when  the  temperature  is  raised  to  the 
second  transitional  region,  the  coefficient  Q  exhib¬ 
its  increase  with  temperature.  Considering  the 
fact  that  the  electromechanical  response  of  a  poly¬ 
mer  material  is  contributed  by  the  molecular  mo¬ 
tions  which  participate  in  both  the  polarization 
and  elastic  processes,3  the  increase  in  the  elec- 
:rostrictive  coefficient  Q  is  a  result  of  the  in- 
eased  elasticity  per  unit  polarization  change, 
•v'nich  can  be  caused  by  lowering  the  energy  bar¬ 
rier  for  the  mechanically  related  segment  motion 
as  reflected  by  the  increase  in  the  elastic  compli¬ 
ance  in  this  temperature  range,  where  the  dielec¬ 
tric  constant  does  not  show  much  change.  On  the 
other  hand,  when  the  electrostrictive  coefficient 
Q  is.  examined  as  a  function  of  the  frequency,  it 
is  observed  that  Q  measured  at  100  Hz  is  about 
25%  lower  than  that  measured  at  10  Hz.  The  de¬ 
crease  of  the  Q  with  frequency  indicates  that  the 
component  of  the  polarization  motions  of  high  fre- 
quenc]/”  (short  relaxation  time)  does  not  generate 


Figure  7  Temperature  dependence  (a)  of  non-Max¬ 
well  contribution  to  the  electric  field  induced  strain  re¬ 
sponse  )  and  (b)  of  the  percentage  of  the  non- 

Maxwell  contribution.  The  solid  and  dashed  lines  are 
drawn  to  guide  the  eye. 

as  much  strain  in  the  material  and  therefore  is 
more  like  pure  dielectric.  It  should  be  mentioned 
that  the  relatively  large  data  scatter  in  Figure  8 
is  due  to  the  fact  that  the  calculated  results  are 
obtained  from  three  sets  of  experimental  data  ( the 
dielectric  constant,  the  elastic  compliance,  and 
the  electric  field  induced  strain  measurements). 


CONCLUSIONS 

The  temperature  and  frequency  dependence  of  the 
electric  field  induced  strain  and  the  dielectric  and 
elastic  properties  show  that  both  the  Maxwell 
stress  effect  and  electrostriction  are  important  to 
the  electric  field  induced  strain  of  the  polyure- 
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Figure  8  The  electrostrictive  coefficient  Q  as  a  func- 

T™  3t  the  measurement  frecuendes  of 

10  and  100  Hz.  The  open  circles  and  open  scuares  are 
aata  points,  and  the  solid  lines  are  drawn  to  guide  the 


thane  elastomer  investigated.  The  Maxweil  stress 
contribution  increases  markedly  during  -he  z’ass 
transition,  along  with  the  sharp  increase  in  the 
elastic  compliance  and  dielectric  constant  In 
=pite  of  these  large  changes,  the  non-Maxwell  con- 
trioution.  such  as  the  electrostrictive  coefficient 
t .  seems  to  be  independent  of  tenmerarure  in  the 
glass  transition  region.  In  addition  to  the  glass 
transition,  another  transitional  change  at  about 
-  o  C  was  also  observed  in  the  experimental  tem¬ 
perature  range.  The  thermal  and  chemical  struc¬ 
tural  analysis,  such  as  the  DSC,  TE.  and  FTTR 
Scticies,  indicates  that  the  transition  might  be  re- 
latec  to  the  molecular  motion  of  the  extenders  in 
Ve  aar^  segments.  Interestingly,  the  electrostric¬ 
tive  coefficient  Q  exhibits  an  increase  with  tem¬ 
perature  along  with  the  elastic  compliance  while 
there  is  only  a  small  change  in  the  dielectric  con¬ 
stant  m  the  same  temperature  range.  The  “xneri- 
mental  results  show  that  the  two  transitional  phe¬ 
nomena,  which  are  reflections  of  the  molecular 
motions  of  the  soft  segment  and  the  extender  in 
Para  segment,  are  important  for  the  observed 
electric  field  induced  strain  of  the  polyurethane 
elastomer.  Even  though  these  transitional  phe¬ 
nomena  can  significantly  increase  the  Maxwell 
stress  contribution,  the  non-Maxwell  stress  con- 
tnpution,  such  as  the  electrostrictive  coefficient 
( wmcn  seems  unchanging  with  temperature  in 
Te  fl-s  transition  region),  is  also  important  for 
the  Seld-mduced  strain  of  the  segmented  polvure- 
thane  elastomer.  The  different  behaviors',  ob¬ 
served  in  the  two  transitional  regions,  of  the  elec- 
trostnctive  coefficient,  the  elastic  constant,  and 


the  dielectric  constant  suggest  that  in  this  da,  ' 
or  the  material  the  chain-segment  motions  c^t 
grouped  into  those  related  to  polarization  rh  . 

bothTh0  ^  ela5dC  ?r°CeSS’  and  rela'ed°to 
both.  The  change  in  the  relative  activation  e~er^ 

ie3  related  to  these  motions  with  temperature  rf 

suits  m  the  different  behaviors  in  the  dielectS 

efficient  “d  ^  eIe^trictive^ 
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Space-charge-enhanced  electromechanical  response  in  thin-film 
polyurethane  elastomers 

J.  Su  and  Q.  M.  Zhang31 
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We  show  that  the  large  electrical-field-induced  strain  response  observed  in  certain  polyurethane 
elastomers  is  a  thin-film  effect.  Based  on  the  frequency  dispersion  of  the  strain  response  in  samples 
with  different  thicknesses  and  the  thermally  stimulated  discharge  current  on  samples  with  different 
processing  conditions,  we  suggest  that  the  charge  injection,  an  interface  effect,  which  results  in  a 
nonuniform  space-charge  distribution  and,  hence,  a  nonuniform  electric-field  distribution  across  the 
sample  thickness,  is  responsible  for  the  enhanced  electromechanical  response  in  thin  polyurethane 
samples.  ©  1997  American  Institute  of  Physics.  [S0003-695 1(97)03329-9] 


Due  to  many  advantages  of  polymeric  materials,  there  is 
a  constant  effort  to  develop  high  performance  electroactive 
polymers  for  electromechanical  applications.1  Recently,  it 
has  been  observed  that  in  certain  polyurethane  elastomers,  a 
large  electric-neld-induced  strain  can  be  achieved  with  a 
moderate  external  field,  hence,  in  the  electric-field  biased 
state,  the  material  exhibits  a  large  effective  piezoelectric  re¬ 
sponse.  comparable  to  that  in  lead  zirconate  titanate 
piezoceramics."  This  makes  the  material  very  attractive  for  a 
wide  range  of  electromechanical  applications.  In  earlier  pub¬ 
lications,  we  have  shown  that  both  the  electrostriction  and 
Maxwell  stress  effect  (Coulomb  force)  contribute  to  the  elec¬ 
tromechanical  response  in  the  material.'*' 

It  was  found  recently,  however,  that  the  electric-field- 
induced  strain  response  of  the  material  exhibits  a  marked 
dependence  on  the  sample  thickness.  As  shown  in  Fig.  1(a), 
with  a  fixed  field,  the  strain  S3,  which  is  measured  in  the 
direction  parallel  to  the  applied  electric-field  E .  of  a  0.1  mm 
thin  film  is  much  higher  than  that  in  a  2  mm  thick  sample 
although  the  strain-field  relationship  in  both  samples  follows 
S^RE1.  where  R  is  the  strain  coefficient.  Data  presented  in 
Fig.  1(b)  summarize  this  thickness  dependence  behavior. 
Since  the  elastic  compliance  of  the  polymer  is  much  higher 
than  that  of  fine  gold  electrode,  the  electrodes  impose  me¬ 
chanical  clamping  on  the  polymer  and  reduce  the  measured 
strain  response,  especially  in  thin-film  samples.’"  In  Fig.  1(b), 
the  data  for  fire  corrected  strain  response,  which  takes  the 
electrode  clamping  effect  into  consideration,  are  also  shown. 
Apparently,  the  high  strain  sensitivity’  of  the  material  re¬ 
ported  is  a  thin-film  effect,  and  in  thick  samples  the  strain 
sensitivity  of  file  material  is  not  very  high.  In  addition,  the 
frequency  dispersion  of  a  0. 1  mm  film  is  also  much  stronger 
than  that  from  a  2  mm  thick  sample,  as  presented  in  Fig.  2. 

.All  the  samples  used  in  this  investigation  were  made  by 
the  solution  casting  method  from  Dow  21 03-80 AE  polyure¬ 
thane.  The  electrodes  were  sputtered  gold  film  of  300  A 
thick.  The  strain  measurement  was  made  with  a  high  sensi¬ 
tivity  bimorpn  cantilever  based  dilatometer  specially  de- 


a'Corrcspondir.g  author.  Electronic  mail:  Qxz!  psu.edu 


signed  for  characterizing  the  strain  response  in  soft  and  thin 
polymer  films.6 

In  searching  for  possible  mechanisms  for  the  large  strain 
response  in  thin  polyurethane  films,  we  note  that  the  dielec¬ 
tric  constant  and  elastic  compliance  of  the  material  do  not 
show’  much  change  with  thickness,  and  their  frequency  dis¬ 
persions  are  also  much  weaker  than  the  strain  dispersion 
from  a  0.1  mm  thick  film.J  The  observed  thickness  and  fre¬ 
quency  dependence  of  the  strain  response,  hence,  indicate  the 
existence  of  other  factors  contributing  to  the  high  strain  sen¬ 
sitivity  in  thin  films  and  it  is  likely  to  be  related  to  the 
electrode -polymer  interface  effects.  In  insulating  polymers, 


Sample  Thickness,  t  (mm) 


FIG.  1.  i'aj  Comparison  of  the  strain  response,  measured  at  2  Hz.  from  a  0.1 
mm  thick  and  2  mm  polyurethane  samples  (Dow  2103-80AE).  (b)  The 
thickness  dependence  of  the  strain  response  in  polyurethane  elastomers 
(measured  at  2  Hz).  The  black  dots  are  the  measured  data  and  the  open 
circles  are  those  after  the  correction  for  die  gold  electrode  mechanical 
clamping  effect.  Solid  lines  are  drawn  to  guide  the  eyes. 
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Electric  Field.  E  (MV/m) 


FIG.  2.  Frequency  dispersion  of  the  strain  response  of  (a)  a  0.1  mm  thick 
sample,  and  lb)  a  2  mm  thick  sample,  respectively.  The  frequencv  disper¬ 
sion  of  the  2  mm  chick  sample  is  much  smaller  than  that  of  the  0. 1  mm  thick 
sample. 


one  of  the  most  commonly  observed  interface  effects  is  the 
charge  injection  under  external  fields.  's  These  charees  can 
be  from  electrons  and  holes  injected  from  the  electrodes 
anchor  impurity'  ions  in  the  samples,  and  can  be  trapped  in 
the  interface  and  interphase  regions,  as  well  as  other  defect 
sites,  resulting  in  a  nonuniform  space-charge  distribution, 
which  usually  has  a  strong  thickness  and  frequency  depen¬ 
dence. 

In  order  to  investigate  this  possibility,  samples  were 
made  from  filtered  solution  (using  a  Fisher-P5  filter)  in  an 
attempt  to  remove  some  of  the  impurities  from  the  original 
material.  As  shown  in  Fig.  3(a).  there  is  a  significant  reduc¬ 
tion  in  the  strain  response  in  the  filtered  films,  where  the  data 
were  from  films  of  0.1  mm  thickness.  In  thick  samples  there 
is  not  much  difference  in  the  strain  response  in  filtered  and 
nonfiltered  samples.  Correspondingly,  the  thickness  depen¬ 
dence  of  the  strain  response  in  the  filtered  samples  is  signifi¬ 
cantly  reduced.  Accompanying  the  strain  reduction,  the  fre¬ 
quency  dispersion  of  the  stain  response  in  filtered  samples  of 
0.1  mm  thickness  also  becomes  nearly  the  same  as  that  of  a 
2  mm  thick  sample,  as  illustrated  in  Fig.  3(b). 

The  thermally  stimulated  discharge  current  (TSDC) 
method,  a  technique  widely  used  to  characterize  the  charge 
injection  in  polymeric  materials,  was  employed  to  study  the 
charge  injection  in  these  samples.9  In  this  method,  a  sample 
was  subjected  a  high  dc  electric  field  (£=4  MV/m)  at  a  high 
temperature  (here,  at  80  °C)  for  5  min.  and  then  cooled  down 
under  the  field  to  a  low  temperature  (here,  at  -70  °C).  TSDC 
data  were  collected  for  both  nonfiltered  and  filtered  films 
where  the  samples  were  heated  at  4  °C/min  without  external 
bias  field. 

As  presented  in  Fig.  4.  for  the  nonfiltered  sample,  there 
are  four  significant  peaks  in  the  temperature  range  measured. 
By  comparison  with  the  dielectric  constant  data,  it  can  be 


0  1 — 1 — 1 — 1 — 1 — 1 — a — , l  ,  .  I 

-10  -5  0  5  1 


Eiecrnc  Reid.  E  (MV/m) 


FIG  3.  (a)  Comparison  of  the  strain  response  of  an  unfiltered  sample  (uf) 
0.1  mm  Click,  a  filtered  sample  0  1  mm.  thick  (f).  and  a  sample  2  mm  thick. 
For  the  2  mm  thick  sample,  there  is  very  little  difference  in  the  strain 
responses  beru  een  the  filtered  and  unaltered  samples,  (b)  Comparison  of  the 
frequency  dispersion  of  the  unfiltered  sample  0.1  mm  thick  (open  squares!, 
the  filtered  sample  0.1  mm  thick  (cresses).  and  the  2  mm  thick  sample 
<bi2ck  dctsi  The  solid  lines  are  drawn  :o  guide  the  eyes. 


identified  thar  peak  1  (at  -35  CC  and  peak  3  (at  45  °C)  are 
related  ;o  the  glass  transition  of  the  soft  segments  and  “glass 
transition*’  in  the  hard  segments,  respectively/'4  Both  peaks 
are  followed  by  a  discharge  peak,  i.e.,  peak  2  (near  10  °C) 
and  peak  4  (near  70  °C). 1011  In  analogy  to  other  polymer 
systems,  these  discharge  peaks  can  be  identified  as  related  to 
the  nonuniformly  distributed  space  charges  in  the  soft  seg¬ 
ment  region  and  the  hard  segment  region,  respectively. 
Hence.  TSDC  data  confirm  the  existence  of  the  nonuniform 
space-charge  formation  due  to  charge  injection. 

When  the  curve  of  the  filtered  film  is  examined,  it  is 
clear  that  there  are  marked  changes  in  the  TSDC  data  be¬ 
tween  the  nonfiltered  and  filtered  samples.  Although  the  peak 


FIG.  -l  Thermally  stimulated  current  data  for  both  unfiltered  and  filtered 
samples  The  thickness  of  the  samples  is  0. 1  mm  and  the  area  is  about  1.2 
cm;. 
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related  to  the  glass  transition  of  the  soft  segments  does  not 
show  much  change,  the  peak  area  underneath  peak  2  is  re¬ 
duced  by  about  half,  indicating  a  reduction  of  the  trapped 
space  charges  in  the  filtered  sample  in  the  interface  region.  In 
addition,  peak  3  is  significantly  reduced  while  the  following 
discharging  peak  becomes  barely  visible.  These  results  imply 
that  the  contributors,  which  can  trap  the  space  charges  to 
form  a  nonuniform  space-charge  distribution  in  the  sample, 
have  been  significantly  reduced  by  filtering.12-13  Since  the 
mesoscopic  morphology  of  a  polyurethane  elastomer  con¬ 
sists  of  hard  segments  embedded  in  a  soft  segment  matrix, 
the  interfaces  between  the  soft  segment  and  hard  segment 
will  act  as  space-charge  trapping  sites.  The  change  in  the 
hard  segments  as  revealed  by  the  change  in  peak  3  due  to  the 
filtering  will  likely  change  the  energy  levels  at  these  trap 
sites  and.  hence,  the  trap  modulated  space-charge  mobility 
and  charge  injection  process.11, 14-15 

Based  on  these  results,  we  suggest  that  the  enhanced 
strain  response  in  thin  polyurethane  films  is  a  consequence  of 
the  change  injection,  which  results  in  a  nonuniform  space- 
charge  distribution  across  the  thickness  direction.  From  the 
Poisson  s  equation,  it  can  be  deduced  that  such  a  charse 
distribution  will  produce  a  nonuniform  local  electric  field 
across  the  thickness  direction,  especially  in  the  electrode - 
polymer  interface.12  Hence,  the  effect  is  not  significant  in 
thick  samples.  For  the  polymer  studied  here,  the  electric- 
field-induced  strain  locally  5(x)  is  proportional  to  the  square 
of  the  local  field  E(x)  and,  hence,  the  total  strain  response 
S  of  the  sample  is  equal  to 

1  ft  R  ft 

S-7joS(x)dx=7\QE2(x)dx, 

where  we  have  assumed  the  strain  coefficient  R  is  nearly  a 
constant  in  the  sample,  and  r  is  the  sample  thickness.  It  can 
be  shown  that  for  a  fixed  applied  voltage  V=f'0E(x)dx, 
ft o  E2(x)dx>(f0  E(x)dxf/t.  That  is,  any  nonuniform  field 
distribution  across  the  thickness  direction  will  enhance  the 
strain  response  if  the  coupling  between  the  strain  and  the 


electric  field  is  through  a  square  relationship,  such  as  the 
electros  trie  tion  and  Maxwell  stress  effect.  In  fact,  such  an 
enhancement  mechanism  can  also  be  generalized  to  other 
effects,  such  as  the  Kerr  electro-optical  effect,  to  improve  the 
sensitivity.  In  this  scenario,  in  thick  samples,  the  local  elec- 
mic  field  is  not  very  different  from  the  average  field  and  there 
is  no  enhancement  effect  due  to  the  interface  space  charge. 
As  the  film  thickness  is  reduced,  the  local  field  becomes 
much  higher  than  the  average  field,  resulting  in  an  enhanced 
electromechanical  response.  In  even  thinner  films,  where  the 
two  interface  regions  near  the  two  electrodes  start  to  overlap, 
which  reduces  the  nonuniform  charge  distribution,  this  en¬ 
hancement  effect  is  reduced,  as  shown  in  Fig.  1. 

The  authors  appreciate  the  financial  support  of  this  work 
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_ _ materials  science 

Shape-Changing  Crystals  Get  Shiftier 


>  talented  family  of  materials  has  gained 
>me  even  more  gifted  members.  So-called 
tezoelectric  crystals  have  the  unique  ability 

>  swell  or  shrink  when  rapped  with  electric- 
y*  as  well  as  give  off  a  jolt  of  juice  them- 
ilves  when  compressed  or  pulled  apart.  En- 
neers  have  exploited  this  trait  for  decades 

>  convert  mechanical  energy  to  electricity 
id  back  again  in  applications  ranging  from 
monograph  needles  to  telephone  speakers. 

Now,  a  pair  of  researchers  from  Pennsylva- 
a  State  University  has  bred  new  piezoelectric 
underkinds,  some  of  which  display  an  effect 
)  times  greater  than  that  of  current  family 
embers.  A  paper  by  the  researchers,  materials 
lentists  Thomas  Shrout  and  Seung-Eek  Park, 
scheduled  to  appear  this  spring  in  the  inaugu- 
1  issue  of  the  journal  Materials  Research  Irtno- 
oons,  but  early  word  of  the  new  work  is  al- 
ady  turning  a  few  heads.  “It's  an  exciting 
eakthrough,”  says  Eric  Cross,  another  piezo- 
:ctric  materials  expert  at  Penn  State,  who  is 
it  affiliated  with  die  project.  “Improvements 
a  factor  of  10  are  not  easy  to  come  by  in  a 
Id  that’s  50  years  old  and  considered  mature.” 
the  materials  are  commerdal- 
d,  as  Cross  and  others  believe 
ey  will  be,  they  could  usher  in 
lew  generation  of  piezoelectric 
vices  that  would  improve  ev- 
rthing  from  the  resolution  of 
zasound  machines  to  the  range 
sonar  listening  devices. 

Piezoelectric  materials  owe 
sir  abilities  largely  to  the  asym- 
itrical  arrangement  of  posi- 
ely  and  negativelv  charged 
)ms  in  their  crystal  structure. 

7B 


The  positive  and  negative  charges  balance  out 
in  each  of  the  crystal’s  unit  ceils — its  basic 
repeating  units — but  the  positive  charges, 
for  instance,  may  be  weighted  toward  the 
top  of  each  cell.  An  electric  field  can  dis¬ 
place  the  charges  even  farther,  which  dis¬ 
torts  the  overall  shape  of  the  unit  cell  and  of 
the  crystal  as  a  whole.  The  process  can 
run  in  reverse:  Squeezing  or  stretching  the 
material  shifts  the  charges  relative  to  each 
other,  redistributing  electric  charge  around 
the  surface  of  the  crystal,  which  can  produce 
a  small  electric  current. 

The  usual  showcase  for  these  properties  is  a 
cheap  ceramic  material  called  PZT,  contain¬ 
ing  millions  of  crystalline  grains  in  different 
orientations.  PZT,  which  is  composed  prima¬ 
rily  of  lead,  zirconium,  titanium,  and  oxygen, 
can  deform  by  as  much  as  0.17%  in  a  strong 
applied  field.  To  boost  this  shape-shifting 
ability,  researchers  have  tried  to  grow  single 
crystals  of  PZT,  in  which  all  the  unit  r»H« 
would  line  up  in  the  same  direction.  Their 
contributions  to  the  piezoelectric  effect  would 
also  line  up,  enhancing  it.  But  because  PZPs 


_ _ _ _ ^ 

components  tend  to  separate  during  process¬ 
ing,  the  ceramic  is  extremely  difficult  to  grow 
as  a  single  crystal,  says  Shrout. 

To  coax  the  material  into  forming  single 
crystals,  Shrout  and  Park  tried  varying  its 
composition.  They  sealed  on  a  couple  of  dif¬ 
ferent  mixtures,  such  as  a  combination  of 
lead,  zinc,  and  niobium  spiked  with  varying 
amounts  of  lead-titanate  (PT).  The  research¬ 
ers  found  that  a  small  admixture  of  PT— less 
than  9%— yielded  materials  that  not  only 
grew  into  single  crystals,  but  also  ended  up 
with  piezoelectric  abilities  that  are  enhanced 
more  than  they  expected. 

Just  why  that  is,  “we  still  don’t  know  for 
sure,”  says  Shrout.  But  he  and  Park  believe 
that  at  least  part  of  the  enhancement  is  due 
to  the  fact  that  an  electric  field  applied  to  the 
new  materials  does  more  than  just  shift  a  few 
atoms  around  in  the  unit  cell,  as  in  PZT:  “We 
think  it  causes  the  whole  crystalline  lattice 
structure  to  change  from  one  form  to  another,” 
says  Shrout.  The  changed  crystal  structure,  in 
turn,  frees  individual  atoms  to  respond  more 
strongly  to  the  field,  increasing  the  overall 
distortion  of  the  material.  Likewise,  a  me¬ 
chanical  distortion  probably  produces  a  simi¬ 
lar  lattice  shift,  enabling  the  material  to  gen¬ 
erate  more  current  than  standard  PZT. 

Whatever  the  reason  for  the  effect,  it’s 
likely  to  be  very  useful  says  Robert  Newnham, 
another  piezoelectric! tv  expert  at  Penn  State. 
The  new  crystals  will  undoubtedly  cost  more 
than  ceramics  like  PZT,  says  Park,  because 
growing  single  crystals  is  a  slow  and  painstaking 
process.  But  he  adds  that  he  and  Shrout  are 
working  on  ways  to  speed  it  up.  If  they  suc¬ 
ceed,  die  new  piezoelectric  wunderkinds  could 
grow  up  to  live  expansive  lives  indeed. 

-Robert  F.  Service 


Crystal  growth.  A  weak  field  displaces  atoms  toward  the  cor¬ 
ners  of  the  unit  cells,  but  a  stronger  field  rearranges  the  lattice. 
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